
AGARD CONFERENCE PROCEEDINGS No. 19 

OCL 
« 

Is* Û ■*- 

X « 

10 < 

<D 

■¿T: 

ADVISORY GROUP FOR AEROSPACE RESEARCH & DEVELOPMENT 

J 

64 RUE DE VARENNE PARIS 7E FRANCE, 

Fluid Physics (¿ 
of Hypersonic Wakes 

VOLUME 1 

★ 

MAY 1967 

D D C 
PS 

¡ a r. T AA'l 

VJ J 

, uibÔLJi ÏÏ 1 

», .'/r'' - 

NORTH ATLANTIC TREATY ORGANIZATION 



CONFERENCE PROCEEDINGS No. IS 

NORTH ATLANTIC TREATY ORGANIZATION 

ADVISORY GROUP FOR AEROSPACE RESEARCH AND DEVELOPMENT 

(ORGANISATION DU TRAITE DE L ' ATI. ANTI QUE NORD) 

FLUID PHYSICS OF HYPERSONIC WAKES 

Published in Two Volumes 

VOLUME 1 

Papers presented at a Specialists’ Meeting of the 
Fluid Dynamics Panel of AGARD held at the 

Colorado State University, Fort Collins, Colorado, U. S.A., 
10-12 May 1967 



The material in this publication 

directly from copy supplied 

has been reproduced 

by each author. 

Printed by Technical Editing and Reproduction Ltd 
Harford House, 7-9 Charlotte St. London. V. 1. 

ii 



SUMMARY 

The proceedings contain a collection ol the papers presented at the 
AGARD Specialists’ Meeting on "Fluid Physics of Hypersonic Wakes", held 
at Fort Collins, Colorado, 10-12 May 1967 under the sponsorship of the 
AGARD Fluid Dynamics Panel. 

The purpose of the meeting was to review and discuss recent 
developments in the study of the complex phenomena taking place in the 
high temperature hypersonic wakes, to present a good cross-section of the 
state-of-the-art, to point out major problems and to provide guidance for 
further research and development. 

The collection of papers emphasizes the areas: flow over bodies, 
inviscid and viscous wakes, near and far wakes characteristics, stability 
and transition, equilibrium and non-equilibriuir. wake profiles, ablating 
and non-ablating bodies. Contributions have come from five NATO countries. 

RDSUME 

Ce volume rassemble la plupart des mémoires présentés lors de la 
réunion de Spécialistes de 1'AGARD sur "La Physique des Sillages 
Hypersoniques" qui fut tenue 'â Fort Collins, Colorado, du 10 au 12 Mai 
1967, sous le patronage du Groupe de la Dynamique des Fluides de 1'AGARD. 

L’objet de la réunion était de présenter et discuter les progrès 
récents de l’étude des phénomènes complexes qui se manifestent dans les 
sillages hypersoniques à haute ^température, de donner un bon aperçu de 
l'état de l'art, de mettre en évidence les principaux problèmes et enfin 
de diriger les recherches ultérieures. 

L'ensemble des mémoires explore les domaines ci-après: - écoulement 
autour des corps, sillages non visqueux et visqueux, caractéristiques 
des sillages proches et lointains, stabilité et transition, équilibre ou 
défaut d'équilibre de la distribution dans les sillages, corps soumis ou 
non à l'ablation. Des contributions ont été reçues de cinq pays de l'OTAN. 
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FOREWORD 

The study of wakes has not been overlooked by the AGARD Fluid 
Dynamics Panel; their formation process has to be fully comprehended for 
the proper design of aircraft afterbodies and projectile bases. The 
Panel devoted several meetings to discussions on boundary layers and 
separation phenomena, the re-attachment of two separated flows, and in 
general all the aspects of fluid mechanics problems which have to be 
solved to arrive at a gcud understanding of the formation of wakes. 

However, this is the first time the Panel ventures to discuss the 
physics ox the plasma appearing in a hypersonic wake, and it decides to 
do so with self-explanatory carefulness, keeping for the discussion of 
the papers which will not be published, interpretations which fall out¬ 
side the scope of scientific research. By thus acting, the Panel follows 
the example of several big nations which would jeopardize the access to 
information of their own researchers if they did not provide all the 
experts in the physics of plasmas with their views and the outcome of 
their experience. The Panel hopes, primarily, to bring into touch the 
researchers of various NATO countries in favour of faster advances. 

The discussions are based on forms completed by the authors and 
questioners during the meeting. 

PREFACE 

Le Groupe de la Dynamique des Fluides de 1’AGARD n'a pas négligé 
l’étude des sillages dont il faut dominer les mécanismes de formation 
pour concevoir correctement les arrières-corps des avions et les culots 
des projectiles. Il a consacré plusieurs réunions h des discussions sur 
les couches limites et les phénomènes de séparation qui s'y manifestent, 
sur le recollement de deux écoulements séparés et d'une manière générale 
de tous les aspects des problèmes de mécanique des fluides qu'il faut 
résoudre poi’.r comprendre la formation des sillages. 

C'est cependant la première fois qu'il se hasarde è discuter la 
physique du plasma qui se forme dans un sillage hypersonique et il s'y 
décide avec une prudence bien compréhensible en réservant pour la 
discussion des mémoires qui ne seront pas publiés, les interprétations 
qui sortent du cadre de la recherche scientifique. Il suit ainsi 
l'exemple déjà donné dans plusieurs grands pays qui compromettraient 
l'information de leur propres chercheurs s'ils ne donnaient pas à tous 
les spécialistes de la physique des plasmas l'occasion d'échanger des 
fruits de leurs expériences et de leurs réflexions. Il espère surtout 
établir des contacts entre les chercheurs des divers pays de l'OTAN, 
favorables è une progression plus rapide des études. 

Les discussions se basent sur les fiches remplies par les auteurs en 
réponse aux questions écrites posées au cours de la réunion. 
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1. 

SUMMARY 

The roles played by chemistry, ionization, and energy transfer 

processes are discussed in the context of hypersonic wake flows. Of 

primary interest is the influence of the microscopic gas phase behavior 

on the observable features of the wake. Emphasis is placed on pure air 

processes for both blunt and slender body shapes. Essential differences 

between the two cases exist in the deposition of energy in the flow field 

and in the subsequent appearance of active species. 

Atom recombination and exchange processes are the classes of 

neutral particle reactions which are most significant in determining the 

bulk energetics of the flow. Moreover, certain classes of neutral 

reactions seem to control the major part of the radiant energy emitted 

by the far wake. Charged particle processes are directly involved in 

establishing levels of free electrons which, in turn, control the 

appearance of a wake to ground based radars. 

Because of the numerous possibilities offered by electron-ion, 

ion-ion, and ion-molecule interactions, it is desirable to simplify the 

kinetic representations of charged particle interactions. Examples of 

specific wake flow field calculations are cited in light of experimental 

measurements from ballistic ranges in order to illustrate an operational 

approach to theoretical models. 

Following the reviews of current work, some areas of future 

interest are identified. Residual lags of internal excitation can affect 

greatly the species production rates. Vibrational-electronic exchanges, 

hovever, could constitute rapid equilibration paths which suppress the 

influence. Ablation kinetics are discussed briefly in light of wake 

ionization effects. Organic and metallic materials in air are considered. 

Finally, the role of turbulent inhomogeneity is described as a possible 

determinant of mean chemical rates for portions of the wake having highly 

nonuniform edge conditions. 

<»• .. 



2. 

1. INTRODUCTION 

Microscopie kinetic activity is the intermediary between fluid 

motion and those effects which we see or measure in the wake behind 

an object entering the atmosphere at hypersonic speeds. Excitation of 

the gas marks the trail by radiant emission and free electron produc¬ 

tion. The latter renders the wake effective as a scatterer of radar 

signals. If we wish to learn something of the object or its flight-charac¬ 

teristics, it is generally necessary to trace back through the aerophys- 

ical aspects of the interaction between the object and its environment. 

In the absence of a reliable empirical "transfer function" connect¬ 

ing object and observables, we are obliged to seek an operational under¬ 

standing of the physics controlling those effects which we may sense. 

With regard to the microscopic processes, a fruitful approach has 

arisen from the combination of laboratory findings and theoretical analyses. 

The experimental results can be categorized either as fundamental kinetic 

data (e. g., rate constants from shock tube measurements) or as laboratory 

flight information (e.g., wake radiation decay rates from free flight range 

tests). The theoretical analyses have sought to synthesize a physical 

model incorporating the pieces of fundamental data to predict measurable 

wake phenomena. An iterative process between measurements and calcu¬ 

lerons has begun to identify the kinetic building blocks which are essential 

features in describing the observed behavior of hypersonic wakes. 

The objective here is to report on our progress in d termining the 

roles played by the elementary phenomena. It is beyond the scope of this 

paper to collect and assess the pertinent kinetic rate data. Motivated by 

studies in aeronomy, reentry phenomena, and late fireball phenomena, 

numerous efforts in this direction have been made in past years. (1, 2, 3, 4, 
j|C 

5, 6, 7, 8, 9, 10) Great care has been exerted in some cases, and sheer 

* The references given above cite other compilations which predated 

them, Note added in proof: A recent compilation is given in J. 

Heicklen, AIAA J., Vol. 5, No. 1 (January 1967) pp 4-15. 
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quantity has been achieved in others. Because of our compelling 

needs to predict kinetic behavior in wakes, the hasty application of 

numbers from rate compilations has sometimes misled us, Informa 

tion thus obtained is sometimes second or third hand at the source 
cited. 

Under the auspice» of U.S, Department of Defense agencies, 

M. H, Bortner and M. H. Bloom have instituted an informal effort 

to collect and update kinetic information for flow calculations. An 

attempt is being made to involve directly those investigators who 

are the primary sources of the data. The compilation effort was 

initiated at an informal conference held at the Institute for Defense 

Analyses January 5, 1966, which was organized by R. Zirkind. Since 

the meeting, Dr. Ernest Bauer (Chairman of the Atomic and Molecular 

Panel at IDA, 400 Army-Navy Drive, Arlington, Va. 22202) has been 

the recipient of current comments and new rate data. 

Returning to the present purposes, we are concerned with making 

an optimum choice in the kinetic description of wake phenomena. The 

result of such a choice may be termed a kinetic model and consist, of 

a list of reaction step, with corresponding rate data. Identification of 

significant steps depends both on expected concentration levels and 

collision efficiencies. The complicated nonlinearity of reaction coupling 

often renders the selection process more an art than a science. Short, 

trial, compufer solutions are almost essential in this deci.ion-maki^’ 

procedure. While extreme truncation of the kinetic specification, can be 

instructive, it sometimes removes the problem from what is observed in 

nature in order to place it in the realm of analytic solutions. On the 

other extreme, the availability of vast computer resources has sometimes 

given rise to the "all-inclusive" kinetic model. The extensive compilation, 

of rate estimate, have in no small way contributed to premature and 

unjustified complexities in flow field calculations. The optimum choice, 

then, is the smallest model containing the crucial determinants of that 



observable one wishes to predict. The final test of the choice is clearly 

its general utility in predicting observed phenomena over a wide range 

of flight conditions. 

The discussions of wake kinetics will begin with a reexamination 

of neutral particle chemistry in air. We then move on to examine in 

some detail some of the current notions on ion kinetic processes in¬ 

fluencing electron removal in wakes. Three areas of possible future 

research will then be briefly reviewed: (1) Influence of internal mode 

energy transfer processes on reaction rates and, (2) Ablative contam¬ 

inant kinetics in wakes, and (3) Influences of turbulent fluctuations on 

reaction rates. Evidently, these areas are presently neglected either 

because they are poorly understood or because they are believed to be 

unimportant. 

2. AIR NEUTRAL CHEMISTRY 

2. 1 Active Coupling with Flow 

Energetic interaction with the wake flow is practically confined to 

the neutral chemistry for flight speeds of 15 to 25 kfps. We shall 

consider the chemistry of air alone although most natural and man¬ 

made entry bodies ablate to some extent. The paths for storage and 

release of latent chemical energy involve either molecular dissociation 

(and recombination) or metathetical exchange (shuffle) reactions. Species 

present are largely limited to monatomic and diatomic particles in the 

3000 K to 8000 K temperature range. Rates of the principal reaction 

steps as suggested by Wray (4) in his review are essentially those 

presently used in flow field calculations. Wake measurements which 

are presently available give no basis for revising those values. In the 

range from ambient air temperature up to 3000°K, equilibrium calcu¬ 

lations (11) suggest that triatomic species such as C>3, N02, and N20 

may be significant. The kinetic matrix including the additional species 
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» auo far richer in posaibiiitiea for reaction ateps (2, 11). 

Active coupling between energetic chemistry and the wake fl 

largely characterised by a constant '■ 

which has ■ PreS8Ure dÍ1UtÍ°n Pr0Ce8S oi S*» 
-h has experienced a dissipative heating puise in a shock wave and/or 

boundary layer. Chemical energy and vie a- / 
m . , gy and ''■»«us dissipation compete with 
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■ any. of the significant reaction steps have large activation 
requirements so that the g activation 
«ha, in th u temperat“'-» doupling is of a lower order than 

at -n „ear-body f.ow field. Oxygen atom concentration is probably 

—y species in controi.ing far wake observable, because of n. 

LVZr in ChemÍIUmÍne8Cent ««fions and in low tempera- 
ture electron removal process#»«. x/-„ , 

evaluation at the AC Electro ■ n U traVÍOlet ab’orl>tiC" i» under 

as a direct mea ' Re8earch Laboratories (AC-DRL) 
»an» for measuring O-atan levels in wake. (12, The ,. ,.,...,. Bih,"JJ 

Oxygen atoms persist because three hr»H,r 
^luse cnree-body recombin-:^n Is the 

energetically favored removal oath , *• 
P d tertiary collisions are relatives 
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, g atoms react rapidly with 
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two-body paths fo-O f " Cygen bearin8 epecies opens fast 
Y paths f0i 02 formation by the abstraction of an ox™ * , 
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2.2 Blunt Body Wake Kinetics 

Blunt body wakes are dominated by the reaction«, f n • 

portion, of ,h. bow shock wav. Sehr / ^ 8t«ng 
ocK wave. Schlieren photographs, (13) radiation 

measurements (14) and inni«*- 1 ' raaiation 
ionization measurements (15) sunnor-t tK 

that there is a distinctive w uPP°rt the notion 
distinctive, hot entropy wake formed by the nos. n„ .• 

of the shock set up by a sober. i„ n V Portion 
, V P “Y a sphere in hypersonic flight. Evidentlv .ti 
is bounded by sharp radial density gradients and • ,b regl°n 

y g adients and is the order of a sphere 



6. 
diameter wide. Nearly all of the electrons and oxygen atoms are 

contained in this region initially. If the viscous core (originating 

from the body boundary layer) is stabilized by viscous stresses, no 

flow disturbances grow until the entropy wake breaks up thousands 

of diameters downstream. For supercritical Reynolds numbers, the 

core undergoes transition and grows outward gradually until it 

reaches the -entropy edge-. At this point the core receives a large 

injection of velocity defect and it explodes into the colder surround¬ 

ings. Wilson (13) has called this phenomenon -breakthrough". 

Although the present discussion primarily deals with kinetics, 

it could not proceed without considering the fluid dynamic observations 

outlined above. During the breakthrough process, nitric oxide, which 

has its peak concentration near the -entropy edge", * is rapidly mixed 

with oxygen atoms from the wake interior. Also, any residual nitrogen 

atoms may react rapidly with nitric oxide and oxygen molecules. 

Energy release from the N-atom cleanup could occur rapidly enough 

to produce a heating pulse (16). Experimental observations of seeded 

wakes at AC-DRL tend to support this finding. Nitric oxide level is 

probably further enhanced, as a net result, by the suffle reactions. 

Following breakthrough, nitric oxide reacting with oxygen atoms 

produces excited NO., which subsequently emits chemiluminescent 

radiation. As shown in Fig. 1, such radiation intensifies greatly after 

the turbulent front traverses the entropy edge (14). The local tempera¬ 

tures are too low to support much O-atom abstraction from NO to form 

02 + N. The spectral distribution strongly suggests that the NOz chemi¬ 

luminescent reaction is operative since it compares favorably with low 

temperature experimental results (17) for the NO + O - NO + h reaction 

as shown in Fig. 2. ^ 

* The familiar NO-overshoot behind the bow shock is completed in 

a short distance for the stagnation streamlines, but persists well 

behind the body for the outer streamlines of the entropy wake. 
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Far back in the sphere wake, oxygen atoms are the most 

abundant of the free radical species remaining. Subsequent cooling 

of the gas by mixing promotes their removal by three-body formation 

of ozone, nitrous oxide and nitrogen dioxide. E. Sutton and M. 

Camac (18) have further suggested that oxygen abstraction reactions 

with low activation energy like O + NO., H.O., + NO may also remove 

oxygen atoms. Also, nitric oxide or N-atoms may abstract an oxygen 

atom; however, it is unlikely that any but a trace of free nitrogen 

atom will survive into the far wake. 

^ Slender Body Wake Kinetics 

Low température levels and short residence times character!« 

the "heating-pulse" produced by the flight of a slender body through 

the air. In the absence of ablation these factors combine to suppress 

markedly the net production of active species. The small fraction of 

the flow that Is exposed to site, of high temperature and low velocity 

is diluted by molecular or turbulent transport of specie, and energy. 

The relative size of the "hot-fraction" is measured by the bluntness, 

which is largely determined by tip geometry and, for slender cones, 

to a lesser extent by the angle of flow deflection. Incubation sites for 

free radicals include forward stagnation, boundary layer, base recircu¬ 

lation zone, and rear stagnation region, (roughly in descending order 

of relative importance). Preliminary calculations assuming inviscid 

nose shock layer flow (19,20) indicate an extremely sensitive dependence 

of reactions upon nose blunting. Inclusion of transport effects in the 

nose flow will markedly decrease the sensitivity for small tip Reynolds 

numbers. Estimate, of limiting behavior in the base recirculation zone 

also show some potential for active species production. (21,22) Both 

cases are somewhat exaggerated because they are upper bound calcula¬ 

tion. compared with the sharp cone boundary layer calculations. Radial 

spatial distributions of the reaction products will depend on the outcome 

.. 
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of near-wake flow field studies discussed in the preceding review 

paper in this conference. Evidently the supersonic portion of the 

boundary layer rapidly expands to occupy an extensive transverse 

portion of the near wake and probably quenches any chemical activity 

incubated in the boundary layer. Shock systems associated with the 

expanded region are probably weak. 

Transition from laminar to turbulent flow is observed to be a 

very gradual process because of a lack of driving energy in the inner 

viscous core. A weak entropy edge emanates from the changes in 

cone shock strength aft of the body, and breakthrough is observed as 

in the sphere case. At subcritical Reynolds numbers the cuter wake 

goes unstable because of viscous suppression of inner core transition. 

Evidence of air chemistry in slender body wakes is less 

extensive than that for blunt body wakes because of far lower levels 

energy of dissipation in the flow. Inferential evidence may be surmised 

from line reversal temperature measurements behind cones of 6% 

bluntness for velocities exceeding 20 kfps. (23) Although the results 

are complicated by ablation and vibrational lags, they are consistent 

with the notion that the gas at the beginning of the wake is nearer a 

local equilibrium than it is a near-frozen condition which would be 

expected for sharp cones. Reduction of data from a Twyman-Green 

interferometer instrument recently applied to the AC-DRL free flight 

range holds out the possibility of obtaining more definitive information 

on pure air translational temperatures in slender body wakes. 

The fragmentary evidence available from experiments and 

calculations indicates that oxygen atoms must be initially abundant at 

the axis of slender body wakes; however, other radical species have 

rather lower concentrations. Formation of the oxygen bearing triatomic 

species which are stable at low temperatures is likely to be controlled 

by diffusion following break up of the sluggish laminar instability waves. 
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^ j-.gr]la-r^s on Kinetic Models for Neutral Air Species 

The fate of free radicals in the far wake has become a subject 

of great interest in recent years. Although some new information has 

come to light for high temperature kinetics, the dominant flow 

processes in the near wake have received greater attention. Electron 

wake lengths (which are discussed in the next section) depend 

intimately on the final disposition of free radical species at moderate 

temperatures. 

The >A kinetics conference he id in. early 1966 revealed that a 

great majority of flow field models still essentially employ the model 

suggested by tfray (4) in 1961 for high temperature neutral air kinetics. 

It was reported at that conference, however, that investigators at the 

Avco Laboratories have found that the reaction rate previously ascribed 

to 2NO -► R, + O., in reality applies to the same colliders producing 

N20 + O. Specifically, the rates reported by Freedman and Daiber (24) 

and by Wray and Teare (25) apply to the latter set of products. This 

helps explain the tenfold discrepancy noted by Wray (4) in attempting to 

reconcile the high and low temperature findings. The current compila¬ 

tion of rate data referred to previously lists the rates to he employed 

for eac.i set of products. A possible meaning of this finding in wake 

predictions enters the ionization predictions via the reverse reaction. 

It is probable that the sharp cone boundary layer chemistry follows the 

low temperature NO chain scheme. 

N2 + 02 2 NO 

NO + O -> 02 + N 

N -f O ->NO+ + e“ 

(1) 

(2) 

(3) 

in which reaction (2) i. the primary eource of nitrogen atom, for reaction (3) 

Preferential production of in reaction 1 block, thi. chain and may 

therefore lower the predicted ionUation b.cau.e rever., rate, are related 
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to forward rates through the equilibrium constant. The N? f O 

reaction is usually omitted in high temperature shock layer calculations 

because it has little effect. 

For the moderate temperature far wake processes, two reaction 

chains for oxygen atom removal may be significant in addition to 

atom-atom recombination. The principal one involves orone as a chain 

carrier by way of the steps 

O + 02 + M -> 03 + M 

O + 03 -> 202 

(4) 

(3) 

and the other depends on the survival of nitric oxide via 

O + NO + M -> N02 + M (6) 

o + N02 -*02 + NO (7) 

The chemiluminescent reaction 

O + NO -+ NO + hr 
Ci 

(8) 

could be another source of NO., and is certainly a significant source of 

wake radiation. 

Although one-way arrows are shown above, it is imperative that 

reverse reactions be carried along in wake calculations for the 

collisional processes. Reactions (4) and (6), in particular, will follow 

partial equilibrium when they first become important. In practice, these 

equilibria drive strongly leftward in all but the far wake and will ,ead to 

drastic inefficiencies in practical computations if included prematurely. 

Proper introduction of the reactions may be effected either by periodic 

trial calculations or some kind of by-pass logic in a computing program. 

Oxygen abstraction reactions of the types (5) and (7) have modest 

activation requirements; however, since they are binary, they must 

probably be included in the scheme. 
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* —^ectrQn Pecay Mechanisms 

Recent advances in applying microwave (26,27) and uhf (28) 

g tics to free flignt range measurements have resulted in a 

comparatively large bod, of data on one species in .he wake: the 

free electron. The production and removal of electrons have been 

the main subject of kinetics investigations for hypersonic wakes in 

recent years. ,on kinetics are discussed separately here because 

ey are PaSSiVely CtmpI,!d ,29> ‘to flow which acts as a kind of 

eat bath. Ion measurements in wakes are presently under experi¬ 

mental evaluation for the free flight range using two approaches. Th 

rrst in. olves the use of a flash lamp to photodetach electrons from 

negative ions. Choice of the appropriate spectral interval limits the 

release to low threshold processes, .berated e,serons wou.d then 

= detected using focused millimeter wave resonator technics. ,27, 

The second approach will emp.oy insertion of a time-of-flight-mass 

spectrometer to analyze the ions. 

As with the neutral species, mechaniqmo r-o k 
$ ecnamsms can be conveniently 

categorized as high or low temperature in nature. High temperature 

processes dominate at small axial or radial distances in the wake 

What is meant by "smal,.. depends greatly upon body shape and flight 

con liions. At high temperatures (thousands of Kelvin degrees) the 

nization proceeds primarily via dissociative recombination c 

molecular ions with electrons. Any atomic ions which may be presen, 

feed the reaction efficiently via charge transfers with neutral molecule 

us, the entire process may effectively be represented by a single 

dissociative recombination step since the rates of all dissociative re¬ 

combinations have closely grouped values of rate constants ,30). I„ 

reality, NO + e -. N + O alone removes most of the electrons in the 

■g temperature wake regions (31) for sub-meteoric reentry speeds. 
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As temperatures decrease- from outward energy transport, 

electron population decreases, and oxygen molecule population 

increases. Since recombination is effectively second order in electron 

density, its rate is suddenly exceeded by that of three-body attachment 

to e- + 02 + M -> O" + M at some station in the wake (32, 33). Taken as 

the only electron reaction in addition to recombination, this process 

can lead to precipitous extinction of the electron wake because of its 

exponential character. Its influence intensifies with decreasing 

altitude. 

Competing reactions include attachment to other electronegative 

species coupled with negative ion charge transfers. Collisional and 

associative detachment oppose the electron removal processes tending 

to prolong electron decay. Attachment and mutual neutralization must 

be the paths of final removal of charged particles. Specific considera¬ 

tion of reaction steps is deferred to the last part of the present section. 

3* 2 Blunt Body Wake Ionization 

As described in §2.2, the hot entropy wake in the near field and 

mixing phenomena in the far field are the predominant features of the 

fluid dynamics forming a background for our ionization study. Depend¬ 

ing upon Reynolds number, the mixing may be due to a turbulent front which 

has outgrown the entropy edge or laminar diffusion of the entropy wake 

followed by its eventual unstable breakdown. 

For a nonablating sphere in hypersonic flight, electron density 

within the first hundred body diameters is describable by means of a 

relatively simple theoretical model (16). The air kinetic scheme includes 

only the N + O -* NO + e reaction for electrons with the usual set of 

neutral particle steps, and only the inviscid flow field is considered on 

the body. The inverse method is used for the inviscid flow in the 

stagnation region (34). Streamtube calculations (35) begin at the final ray 

in the inverse net, and are employed to continue the flow field behind the 
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body. Inviscid convection (16) is retained to describe the near wake 

ionization. By the use of microwave wake measurements (which are 

described elsewhere in some detail (16,36) it has been demonstrated 

that this simple approach adequately represents observed results (37), 

Specifically, it has been tested for wake ionization behind spheres over 

a range of (pressure) x (diameter) product of 45 to 1500 torr-mm and 

a range of flight speeds from 18 to 22 kfps. Figures 3 and 4 illustrate 

the results of the analysis showing that the essential features of reaction 

order and temperature dependence are described adequately by the model. 

The range of conditions includes both laminar and turbulent viscous core 

conditions. Evidently the integrated electron densities are insensitive 

to mixing model in the near field. 

For the purpose of obtaining initial conditions for far-wake calcu¬ 

lations, J. P. Appleton and C. C. Yang have used equilibrium characteris¬ 

tics solutions for near field pressure distribution instead of the patched 

New toman-blast wave-constant pressure variation assumed in ref. 37. 

The characteristics solutions were carried out by E. Lieberman of the 

General Applied Science Laboratories. Nonequilibrium streamtubes 

were employed throughout so that the inverse method for nonequilibrium 

initial conditions was not needed. Interpolations in the curves from 

ref. 37 were carried out to obtain an ionization decay curve for comparable 

conditions of (pressure) x (diameter) product, velocity, and recombination 

rate constant. 

Figure 5 illustrates that the approximate approach is probably 

adequate for describing transverse integral effects in the near wake. 

Since radial pressure variation is omitted, the approximation will not 

reproduce details of the flow very near the body or the shock system. 

The more precise calculations have also included the homogeneous mixing 

limit for experimentally observed turbulent front growth. The integrated 

electron density appears to be insensitive to the degree of mixing until 

some distance approaching fifty diameters. This finding is consistent 
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with the earlier observation that the validity of the near wake ionization 

approximation was unaffected by the existence of turbulent core flow 

in the flight experiments. 
4 

At low Reynolds numbers (Re^î* 5 x 10 based on sphere size and 

free stream conditions) the entropy wake persists unperturbed for a few 

thousand body diameters and before breakup occurs (13). The viscous 

core becomes indistinct, and molecular transport smears the rather 

sharp edges of the species profiles. Using the simple random convection 

method to obtain initial profiles at 40 body diameters, an axisymmetric 

laminar nonequilibrium calculation has shown good agreement with 

observations for a (pressure) x (diameter) product of 150 torr-mm out 

to wake breakup at a few thousand diameters. This calculation was 

performed using the analysis (38) and code (39) developed by Wen and 

Chen. 

Fig. 6 shows the axial ionization decay reported in ref. 40. The 

displacement between the experimental and theoretical curves is a 

systematic deviation arising from the slight difference in velocities. 

Referring to Figure 3 we may note that the velocity correction indicated 

would bring the two curves together. Omission of the transport terms 

gives a minimum in the curve at a few hundred diameters followed by 

monotonie growth. 

Because of its prominence in reentry observables, the ionization 

in the turbulent far wake has been studied for a longer time than in the 

near wake and laminar far wake. The integral treatment used in the 

Lees and Hromas diffusion analysis (41) was applied tc extensive wake 

kinetics investigations (42). In this work, Webb and Hromas pioneered 

the use of a complex ion kinetic model in the far wakes of spheres. 

Electron attachment to oxygen atoms was recognized as an important 

feature in sphere wakes and the role of negative ion charge transfer 

was brought out. The existence of an activation energy for the 

02 + O -»»O + reaction is very doubtful, and it has been considered 
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zero in the current IDA rate list. Thus, the Webb and Hromas result 

for rapid electron decay is more consistent with current ideas than 

the result which is based on a 1/2 eV activation requirement. The 

comparisons of the far wake calculation with the Lincoln Laboratory 

sphere measurements showed too rapid a decay was predicted at 1000 

diameters and too slow at 10, 000 diameters. According to the tabular 

rate data in reference 42 the activation energy for charge transfer was 

retained. If it were omitted, it is likely that the decay rate would be 

overpredicted throughout tne wake. Comparisons of the General Applied 

Science Laboratories finite difference calculations (44) with similar 

data shows the same trends (45). 

Under the aSSUmPtion8 °f ‘h8 homogeneous mixing and random 

convection limits (16). J. P. Apple,0„ and C. C. Yang have carried out 

quasi-one-dimensional calculations of wake ionization for the far wake 

using initial conditions obtained as described above. Their results and 

experimental data (which are described in another paper in this 

conference (15))are shown in Fig. 7. Curves A and B represent the 

mixing limits with the experimentally observed wake envelope as an 

input for Curve B, the homogeneous mixing case. Only attachment to 

molecular oxygen is considered in this case; however, more recent 

calculations include attachment to oxygen atoms, charge transfer, 

rapid associative detachment (46) and ozone formation following some 

of the suggestions of Sutton and Camac (18). Addition of the latter result, 

in higher electron levels for 100 to 1000 diameters, but the final 

observed decay is not predicted without some chain breaking reactions 

added to the scheme. Axisymmetric finite difference calculations 

utilizing the analysis of Wen and Chen (38) give essentially the same 

decay as curve B, if the same kinetic mode! is used. 

The significant feature of Fig. 7 is the wide variance between 

either limiting theory and the experimental data. Curve. D and C 
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represent pure recombination and a reduced effective wake width 

respectively. In order to represent the mean position of the front, 

the wake width in curve C was chosen empirically to be 25% less 

wake width than the formula of Lin and Hayes (16) calls for. Neglecting 

attachment (as shown in Curve D) reverses the sign of the curvature 

and reducing the wake width only postpones the downward departure 

of the calculated curve from the data. 

Variable "K" eddy viscosity laws are being studied by K. S. Wen 

as possible representations of partial mixing. Other approaches 

already proposed for the intermediate mixing model are the bimodal, 

(47) delayed mixing (48) and stochastic analyses (49) which are all in 

various stages of development. The influence of turbulence on chemical 

kinetics will be discussed in a later portion of the paper. 

A significant experimental finding reported here by Hayami and 

Primich (36) is binary reaction scaling of sphere wake ionization for 

nearly 2000 diameters or over a four decade range of integrated 

electron density in a turbulent flow. The apparent inability of dissociative 

recombination to explain this suggests an attachment-detachment reaction 

chain consisting of two body reactions. Dissociative attachment to 

oxygen is energetically disfavored, unless there is a substantial excited 

state population among the oxygen molecules. Modest excitation can 

lower the dissociative attachment threshold drastically according to the 

experiments of Fite and Brackman. (50) The proper accounting for this 

rate enhancement in flow field calculations must be regarded as 

problematical at this time because of the difficulty in representing the 

excitation mechanics with an accurate mathematical model. This reaction 

and its reverse are likely to be important factors in the final deionization 

in wakes. 

Ionization in the blunt body turbulent wake seems to be described 

in three rather distinct regions: (1) Near Wake (10 to 100 diameters) 
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dominated by electrai-ion recombination, (2) Intermediate Wake 

(100 to 1000 diameters) controlled by post-breakthrough mixing 

processes which initiate attachment, and (3) Far Wake (greater than 

1000 diameters characterized by complex charge transfer and attach 

ment chains involving triatomic negative ions. 

3' 3 Slender Body Wake Ionization 

Accurate specification of initial conditions continues to be a 

central problem in slender body wake ionization calculations. Some 

early estimates for a cone at 22 kfps put the near wake neck temperature 

at 9000°K with the oxygen fully dissociated. This enthalpy corresponds 

to the full stagnation state for flight in excess of 30 kfps. Initial 

electron densities for this condition reached 1012cm'3. other more 

conservative estimates froze the nonequilibrium boundary layer conditions 

at the cene base giving initial electron levels near 107cm‘3 for 

approximately the same night conditions. This five orders of magnitude 

variance of opinion left a broad field open for future research, and, as 

we see from the previous paper by Prof. Lees, it has progressed a 

great deal since then. Shock tunnel and free flight range experiments in 

recent years have provided us with important benchmarks from which to 

begin the hypersonic wake kinetics calculations. 

The reacting wake calculations of Webb and Hromas represent soon 

of the significant original efforts in the field. (51) Their 12° cone calcu¬ 

lations displayed binary similitude over a large extent of the wake 

because of the extremely hot initial conditions which were believed to 

exist. The sensitivity to the negative ion charge transfer activation 

energy was studied in conjunction with the tertiary scaling of the far 

wake. In the work which followed (42) the ion kinetic model was studied 

further and the first considerations of bluntness-induced ionization 

appeared. 

In the same period other reacting wake programs were developed 

for slender body calculations. A multi-strip integral technique was 
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reported by Lien, Erdos and Pallone (52). Finite difference techniques 

follow the methods presented by Zeiberg and Bleich (44) and more 

recently by Wen and Chen (38, 39). Comparison calculations were made 

between the methods in references 44, 51 and 52. In addition, the 

General Electric Company participated in the comparison using a finite 

difference code. The results of this comparison,which are summarized 

in ref. 51, were compromised somewhat by possible ambiguity in 

specification of conditions. Ionization levels scattered by factors of five. 

These difficulties were eliminated in a more recent computational 

comparison which includes the method of reference 38 in addition to the 

four named above. Scatter in the ionization results has been greatly 

reduced. The outcome will be published soon by J. Menkes of IDA under 

the CALCOM project. 

Another type of comparison was also suggested by J. Menkes a 

few years ago. Its objective was to assess the ability of the various 

codes to predict the ionization measured in the wakes of slender conical 

bodies in the AC-DRL free flight range. In this case each investigator 

developed his own initial conditions based on the flight variables of the 

test. The experimentally observed decay is far more rapid than any of 

the predictions regardless of where laminar to fully turbulent transition 

was assumed. The initial levels are also observed to be considerably 

lower than any of the calculations in the study. Reference 53 summarizes 

the results of the comparisons. 

Intensive studies have been recently conducted (53) for the purpose 

of understanding the rapid ionization decav observed behind slender 

cones (15). The analysis uses a finite difference scheme in the physical 

plane (38) and is implemented in the form of a FORTRAN IV computer 

program (39). Initial conditions for the calculation are based on scaling 

shock tunnel measurements of the near wake total enthalpy profiles (54). 

Boundary-layer-type Crocco relations are invoked to relate static 
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enthalpy to velocity and local equilibrium is assumed to obtain 

species profiles. Such a procedure yields approximately the ioniza¬ 

tion (15) and temperature (23) levels observed in the free flight range 

experiments. Approximate base flow mixing calculations using non¬ 

equilibrium sharp cone boundary layer inputs underestimate initial 

ionization levels (22). It is found, however, that allowing equilibration 

of the recirculatory flow has a threefold upward influence on the 

ionization. Proper accounting for this effect and bluntness effects (19, 20) 

probably holds the key to this problem. The apparent success of the local 

equilibrium assumption, therefore, maybe fortuitous. Figure 8 shows 

the effect of different trade-offs between axis velocity and static enthalpy 

in the initial conditions. Levels are influenced, but decay rates all be¬ 

comes the same after 40 diameters of laminar wake without attachment. 

Addition of and O followed by and has practically no 

effect as shown on Fig. 9 because the high temperature persists. 

Isolation of kinetics effects from mixing is difficult for the 75 torr 

pressure case shown in Figs. 8 and 9. Schlieren pictures show the 

incipient instability of the laminar wake beginning around 30 diameters 

and the full development of turbulence in the vicinity of 60 diameters. 

The effect of assuming transition to fully developed turbulence and 

including attachment at 30 diameters is shown in Fig. 9 as the curve 

labeled turbulent. The decay is clearly too rapid. 

Reduction of the ambient pressure to 20 torr extends the laminar 

run to about 100 diameters. Calculations of ionization for the 20 torr 

conditions then are useful to test the high temperature kinetic assunptions 

and the procedure for determining initial conditions. Fig. 10 shows 

that the computed decay even without negative ions falls within the 

experimental uncertainties of the measured values. The final decay rate 

at 80 to 100 diameters does not track the data precisely because attach¬ 

ment was excluded. 
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Now considering the converse case, Wen, et al (53), have 

examined the turbulent mixing for a wake flow with simple kinetics. 

Ionization measurements for nonablating cones flying through a nitrogen 

atmosphere are the basis of this study. At a pressure of 150 torr the 

laminar instabilities begin near 10 diameters behind the body. As 

shown by Kornegay for spheres in nitrogen (43) and by Hayami and 

Primich (15) for cones, the electron wake in nitrogen is more extensive 

than that in air. Nitrogen has a much greater chemical bond energy 

than oxygen. Consequently, it gets hotter than air before dissociation 

begins to absorb any sizable portion of the energy. Despite its higher 

effective ionization potential, nitrogen ionizes nearly as much as air in the 

initial region of the wake (15). The absence of attachment confines the 

electron concentration decay to the recombination regime. 

Figure 11 shows the data with various predicted ionization 

histories. The kinetic model includes atom recombination, electron 

ion recombination, and charge transfers between atomic and molecular 

ions. As usual, all reverse steps are also allowed. The laminar 

transport calculation does surprisingly well in approximating the observa¬ 

tions. Initiation of fully turbulent diffusion at 10 diameters, however, 

leads to far too fast a predicted decay. Noting the possibility that the 

wake was not nearly self-preserving yet, Wen has suggested that the 

eddy diffusion proceas develops gradual / over a considerable axial 

extent of the wake. One way of describing this feature in conventional 

wake calculations is to give the eddy viscosity constant (which is applied 

to a width times a momentum defect) a streamwise variation from a level 

which provides a match with laminar transport to one which is appropriate 

for fully developed turbulence. The curve designated "transitional" on 

Fig. 11 shows the result of such a description. While its level is too 

low, its decay approaches the experimental rate rather closely. Thus, 

Figs. 10 and 11 tend to indicate that the conventional turbulent transport 

model is in more serious difficulty than are either the initial profiles or 
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the hot air chemistry in the example considered in Fig. 9. 

Returning to the wake ionization behind cones in air at 75 torr, 

we note on Fig. 12 that the application of the transitional eddy 

diffusion representation brings the prediction into far better agreement 

with observations than either laminar or turbulent calculations. This is 

true even if all attachment is omitted. The transition from laminar to 

turbulent mixing was assumed to occur between 30 and 60 diameters 

to correspond with schlieren observations. Consideration of attachment 

improves the model still further. It is evident, then, that the most 

likely cause for the initial discrepancies between calculations and 

observations is the eddy diffusion model. Wake growth comparisons 

also confirm such a conclusion. (53) 

Improved instrumental sensitivity has yielded preliminary results 

for ionization in the next decade below the range shown in Fig. 12. The 

turbulent wake predictions with 02‘ and 0~ included begin to fall below 

the data as in the case of sphere wakes. Investigations are now under - 

way to extend the kinetic model as in the case of the spheres. Associa¬ 

tive detachment and its reverse involving excited C>2 may both be 

actively involved in modifying the ionization level. 

Fluid dynamic studies of the details of the turbulent diffusion 

processes, which have been shown to influence wake ionization, are 

underway both at Avco Missile Systems Division and at the General 

Applied Science Laboratories (GASL). In the former, H. Gold is 

extending his earlier work on wake stability to the growth of disturbances 

in the nonlinear regime. (55) An objective of the study is the description 

of the transitional region mixing mechanisms. In the GASL work, 

H. Lien and G. Widhopf have instituted a research program on turbulent 

momentum diffusion. (56) The objective of the program is an examination 

of the universality of the eddy Reynolds number (or Townsend Reynolds 

Number) on which most mixing models are based. Experimental velocity 

and density data from the Canadian Armament Research and Development 
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Establishment (CARDE) ballistic ranges will be "inverted" to obtain 

detailed distributions of eddy viscosity. The analytical formulation 

of the problem is now complete. 

3• 4 Kinetic Models for Wake Ionization 

The findings discussed above for air and its component gases 

illustrate the recent progress in refining the kinetic descriptions of 

wake ionization. Experimental observations using instrumentation of 

ever increased sensitivity and resolution have paced the developments. 

As in the cases of neutral chemistry, the stability of complex species 

at lower temperatures enlarges the kinetic problem tremendously. 

The presence of leads to the fast exothermic dissociative 

attachment reaction (18) to the right 

e + O + C>2 (9) 

and 03 formed by three body attachment may be attacked by O-atoms 

to return electrons to the system via 

O + 03 2C>2 + e 
(10) 

Likewise, associative detachment may occur earlier in the wake by 

means of 

0 + CW02 + e- (11) 

It was mentioned earlier that a great enhancement of the reverse of 

reaction (11) is observed for hot oxygen. (50) Fehsenfeld and co¬ 

workers (46) now report three orders of magnitude higher rate values 

for forward reaction (11) than was previously suspected. The significant 

role of these two-body binary steps in the far wake must be 

assessed in the interpretation of the long extents of binary scaling found 

for the sphere wakes. (15) After extensive calculations, Sutton and 

Camac (18) suggest a correspondence between O-atom levels and electron 

levels. 
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The role of NO2 in atmospheric deionization processes has been 

considered by Whitten and Poppoff. (7) They favor the processes 

e" + N02 -* O" + NO (12) 

and 

o" + no2 -+0 + no2~ 

or (13) 

0,-+ NO,-°2 + N02- 

because other possibilities would require unrealistically high rates. 

Reactions (13) probably constitute chain breaking steps in electron 

removal. Because of its large electron affinity N02~ is relatively 

invulnerable to attack by any species which may compete for the 

attached electron. Final cleanup of ions must proceed by mutual neutral¬ 

ization or recombination steps like 

A + B (+M) -» A +- B (+M) (14) 

which, either require a third body or excited states of A and B. Most 

of these processes have been reviewed by Branscomb (6) for atmospheric 

deionization following polar cap absorption events. Experimental 

advances in wake temperature measurements and ion identification 

analyses are essential for a detailed understanding of these additional 

complications at moderate to low temperatures. 

4. 0 WAKE KINETICS PROBLEM AREAS 

Considerable emphasis has been laid on the studies of air 

chemistry and ionization described above, and, we find that much remains 

to be done in those fields. Yet, there are some aspects of wake kinetics 

which are rtill farther from a satisfactory state of understanding. Three 

of them are: (1) the role of energy transfer processes, (2) the kinetics 

of ablative species in air and, (3) the influence of turbulent fluctuations 

on kinetic rates. Some workers believe that (1) and (3) simply are not 

problems, but all will agree that item (2) is. 
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* Ener8y Transfer Processes 

The partitioning of internal energy amone the various species 

and their various quantum states influences the net species production 

rates. It remains to be seen, however, how significant these effects 

could be in hypersonic wake flows. In expanding nozzle flows, vibrational 

deactivation has been observed to occur at anomalously high rates (57). 

Free electrons have been considered as a possible energy carrier, but 

their low population rules them out despite their close coupling to 

vibrational excitation (58). Hurle and Russo then studied electron 

temperature freezing in the nozzle (59) and observed very large non¬ 

equilibrium lags. Although energy transfer from the electron gas via 

space charge fields (60) precludes the mechanism proposed in Ref. 59, 

the fact remains that electron removal processes will be sensitive to 

the freezing phenomenon leading to hot residual electrons. 

Another consequence of vibrational nonequilibrium in expanding 

flows could be reduction of atom recombination rates. Bray and Pratt (61) 

have hypothesized that an overcrowding of upper vibrational quantum 

states result in a "bottleneck" for recombining flows. Efficient vibration- 

vibration exchange, (62, 63) however, could act to relieve the congestion 

by depopulation of upper states. Experimental techniques such as that 

employed recently by Appleton (64) could resolve the vibrational energy 

distribution sufficiently well to probe further the details of such 

processes. 

The significance of the internal energy distributions to wakes may 

lie in ion kinetics as well as neutral chemistry. Atom recombination 

delays could support high electron levels through fast associative 

detachment unless some mechanism exists for efficient vibrational 

depopulation. Electron temperature lags coupled with negative ion 

screening effects (65) would maintain high levels of electron Lewis 

numbers in the far wake as well as delay the attachment rate. Space 

charge coupling or inelastic collision processes might effectively 
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eliminate these departures from present notions of deionization. It 

is clear that further study is necessary to resolve some of these 

questions. For argon wakes Hoffert and Lien (66) have begun two -fluid 

considerations of electron temperature lags. The objective is to 

limit the study initially to a system which is kinetically simple 

relative to air. Extension of the findings to air must be regarded 

with caution for several reasons: Fewer possibilities exist for inelastic 

collisions, the Ramsauer effect reduces elastic collision probabilities 

markedly, áud impurities present a larger threat to experimental 

interpretation in argon compared with air because argon has a high 

ionization potential. 

4. 2 Ablation Effects 

Despite the existence of many calculations and measurements, 

the effects of ablation is only considered briefly here. Our incomplete 

understanding of even pure air somewhat compromises our confidence 

in detailed analyses of ablation products plus air. 

Hydrocarbon substances present a technically important class of 

ablation problem. Heavily charring ablators provide a carbonaceous 

skeleton structure which can provide an environment for the virgin 

products to react to H2 and CO. Other possibilities certainly include 

CN, OH, C2 and similar free radicals (67,68). Oxidation and chemi- 

ionization represent the significant classes of neutral and charged 

processes, respectively, which are probable in the near-body flow 

field. Chemiluminescence of CO with oxygen atoms is seen in flames 

as is band emission from CH, and OH. These are likely to occur in 

wakes. Oxidative attack of CH radicals produces CHO+ which can 

charge transfer with H20 to form H30+ and an electron. The leverse 

of the chemiionization chains are dissociative recombinations which 

have rates comparable to their counterparts in pure air (69). A four 
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center ionization can evolve from colliding with CO to form NO* 

+ CN (70). Although threshold for this reaction with ground state 

nitrogen and CO is 11. 9eV, the abundance of excited states in the 

flow field may lower this substantially. Electron removal processes 

at moderate temperatures may be aided by formation of C ~ or CN", 

which have relatively large binding energies for the extra electron. 

In addition, the oxygen atoms could be removed in the chain suggested 

by Sutton and Camac (18): 

H + 02 (+M) ^H02 Í+M) (15) 

O + H02 -*-02 4 OH (16) 

O 4 OH -*02 4 H (17) 

By the mechanisms given in the previous section, the O-atom removal 

would be accompanied by electron removal leading to another binary 

deionization path. 

A few years ago, the CHNO-system was computed for wake flows 

by Langan, Cresswell and Browne (71) using some of the kinetic schemes 

suggested by Kaskan and Browne (10). Significant ionization enhance¬ 

ments were noted, but the results must be considered as preliminary ones 

in light of more recent findings both in the areas of fluid dynamics and 

kinetics. 

The fluorocarbon system is also significant because polytétra¬ 

fluoroéthylène is a candidate ablation material. Pyrolysis of the plastic 

occurs cleanly to yield primarily monomer, C2F4. The breakdown of 

the monomer in gas phase and its subsequent oxidation have been studied 

by Módica and La Graff (72). Adding to these results, they have suggested 

an extensive list of reaction steps including dissociation of C F and 
Cê TT 

CF2, oxygen-atom attack of C^F^ CF2 and CF3 and son* exchange 

reactions. These reactions and their rates are included in the compilation 

by Heicklen referred to earlier. The electronegative character of 
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fluorine in the various possible species is believed to be significant 

in the electron removal process (73) . 

Metallic impurities both alkali and otherwise are also effective 

in modifying electron concentrations in wake flows, in general, 

the most prominent class is the alkali metals and, in particular, 

sodium is the most common element to be found as a trace contaminant. 

The role of sodium is considered extensively in a report by M. H. 

Bortner (74). He concludes that impact ionization is probably over¬ 

shadowed by other mechanisms despite the low ionization potential 

(5. 14 eV). O-atom collisions will produce O’ and Na+ with a net 

endothermicity of 3. 68 eV which is still somewhat higher than that of 

the N 4 C -»NO 4 e reaction. Charge transfer of any positive air 

ion with neutral sodium is likely to sustain electron levels in wakes 

because the ionization potential is low for sodium. This is borne out 

by Cesium seeded air calculations for nozzle flows by Boyer (75) which 

show that the charge transfer quickly breaks the dissociative 

recombination chain by draining off molecular ions. Dissociative 

recombination with diatomic alkali metal ions, which was suggested 

earlier (76),was found to be unimportant because such ions are unstable 

at high temperature. At some point, cooling will lead to attachment to 

oxygen and mutual neutralization will clean up the sodium ions. 

Wake calculations by Webb and Hromas (42) indicate that the 

phenomena described above are operative with sodium. Measure¬ 

ments of seeded wakes also confirm this behavior with the interesting 

additional finding that electron wake lengths are almost unaffected 

despite the higher levels. Attachment to oxygen bearing species 

evidently controls the length (in the absence of fluorine). Other 

calculations (71) already referred to have dealt with the enhancement 

due to sodium with hydrogenic impurities. 
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4. 3 Interactions Between Turbulence and Chemistry 

Considering the combined effects of species production and 

fluctuating flow, we find it convenient to isolate the influence of 

each process on the other. First, we shall examine the effect that 

chemical energy release might have on the turbulent motion of the 

gas. It can be shown (77) that the coupling is confined to the "divergence 

field" component of turbulence rather than the "curl field"; that is, 

it only arises by virtue of dilatational motion of the gas and not by 

solenoidal motion. Hence, it is highly Mach number sensitive. Statis¬ 

tical treatment based on analyses of the inertial range of large eddies (78) 

shows ;hat the energy feeds into the central spectral band where most of 

the energy is concentrated. (79) Although boundary layer measurements 

indicate that the spectral selectivity is correctly predicted (80).it is likely 

that the turbulence Mach number and heat release are low enough in a 

wake to suppress the effect of chemistry on turbulence (81). Thus, what 

we might term "active coupling" (29) is not very effective in the fluctua¬ 

ting component of hypersonic wake flows of interest, even in the upper 

limit of coupling efficiency. 

The significance of the reverse effect (the influence of concentra¬ 

tion fluctuations on mean reaction rates) is unresolved, however. It 

was shown by Corrsin (82) several years ago that the reactant conversion 

rates depend explicitly upon concentration fluctuations for all 

but first order reactions. In a recent paper (83). Lykoudis suggests that 

quasi-steady state chemistry should be modified by fluctuations only 

where strong temperature dependence appears in the rates; i. e. , only 

in the very near wake where endothermic reactions may still be 

important. On the other hand, reactants in the far wake are principally 

cold molecular oxygen mixed in from the outside with hot core gas 

which contains the electrons. One might expect the larger scale 

(convective) concentration eddies to be anticorrelated between these 
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two reactants. The anti-correlation is by-passed if the reactants 

are "fully mixed" as soon as outside gas is engulfed by the turbulent 

edge; i. e. , only the minor effects of edge intermittency will enter 

the mean rate calculation. The physics of the instantaneous-mixing 

case would require zero time for the inertial cascade process connecting 

Fourier regions of main eddy-size with those of Kolmogoroff size, 

ibus, the turbulent edge would be required to act on the spectral density 

function somewhat the way a shock wave does on a molecular distribu¬ 

tion function, but even more so. It is likely that mixedness influences 

chemistry in the near wake where nonuniformity in edge conditions 

prevails. For the far wake, the edge conditions are relatively uniform 

over a mixing-length and fluctuation coupling with chemistry probably 

becomes negligible (especially at low turbulence Reynolds numbers). 

Several approaches have been devised to describe the concentration 

fluctuations arising from turbulent wake entrainment. Among them are 

the models of Proudian and Feldman (48), Lin (47), and Gibson (49), 

In Reference 48 the wake is assumed to be composed of mixed and unmixed 

regions of gas. The delineation between the two is prescribed by a 

mixing lag time referred to a Lagrangian frame of reference. Lin's 

"bi-modal approximation" (47) allows continuous dissipation of an 

inhomegeneity arising from the swallowing of a portion of cold gas by 

the wake edge. Both of these approaches depend upon some prescription 

of a statistically determined quantity. Presumably such a quantity would 

be found irom analyzing the cospectrum of cold and hot gas or from 

experimental measurement. Gibson (49) supplies the statistical informa¬ 

tion in the form of prescribed stochastic functions describing the velocity 

and enthalpy fields in the wake. Proceeding from these, he obtains the 

particle histories governed by exact solutions of the continuity and species 

rate equations. Mean and fluctuating concentration fields emerge from 

the analysis as well as correlation functions. None of these theories is 

based on instantaneous mixing. It remains for experiments on turbulent 
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concentration fields to demonstrate the validity of one or the other 

approaches. The interaction between reaction kinetics and the 

evolution of far wake observables will depend intimately upon the 

mechanism governing mixing. 

5. CONCLUDING REMARKS 

While the chemical kinetics of wakes in uncontaminated air hold 

out unanswered questionSi the problems have become circumscribed 

more distinctly in the past few years. Because of their lengths and 

levels of observability, the blunt body wakes have provided much of the 

detailed data on which new theoretical models are based. There is 

often a temptation to put the blunt body wake in the class of solved 

problems. The details of ion kinetics and swallowing mechanisms, 

however, continue to pose challenging problems. The near wake 

observables are largely described by considering the excited gas in the 

hot entropy wake. Beyond a few hundred diameters turbulence breaks 

through the outer edge of this wake for Reynolds numbers much in 

excess of 5 x 104 and the rate of mixing becomes crucial in determining 

the kinetics. Back in the range of thousands of diameters, the gas is 

cooled enough to promote a host of kinetic processes involving triatomic 

formation, associative detachment, negative ion charge transfer and 

others. Free flight range measurements of oxygen atom levels, electron 

densities,and temperatures show great promise in unravelling some of the 

mysteries. 

The kinetics situation with slender bodies still suffers from its 

chronic deficiencies in the near body flow field, but signs of improvement 

are imminent. Intensive work in fluid dynamics as described in the 

previous paper by Prof. Lees is leading to firmer predictions of the 

gas dynamic profile quantities. The laminar wake kinetics are within the 

scope of analytical description beyond a few body diameters downstream from 
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the body. Transition is such a gradual process that the mixing model 

becomes a problem in predicting kinetically dominated observables. 

After degradation to turbulence, the wake reaction mechanism may be 

nearly as complex as that in the sphere far wake. Because all measure¬ 

ment levels are very low in this region we are only at the threshold of 

obtaining experimental information with highly refined sensitivities. 

The outstanding problems of excited state effects, ablation 

product kinetics, and turbulence effects on kinetics are in the early 

stages of investigation. Even in pure air, residual vibrational or 

electronic excitation in the wake could seriously alter reaction rates 

Progress has been made in reducing the number of possible reaction 

steps in wake kinetic models for ablation products in air,and identification 

of species levels in flight experiments appears to be the next important 

step. Finally, turbulence problems continue to appear in ever more 

complicated forms when kinetics enter in. It is probable that semi- 

empirical approaches are the most hopeful routes to their solutions. 
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SUMMARY 

This paper reports some new experimental work in the general 
area of laminar hypersonic wakes behind conical bodies. The experiment is 
being conducted in a contentional wind tunnel operating at a nominal Mach 
number of 16 and a free-stream Reynolds number of 120,000/inch. Helium at 
a stagnation temperature of 525°R. is utilized as a test gas yielding an 
experiment purely fluid mechanical in nature. A unique feature of the 
experiment is the use of a magnetic suspension system which is capable of 
supporting axi-symmetric bodies. This system has been discussed in detail 
in previous reports and will not be described in this text. Wakes behind 
conical models of one-inch base diameter, 10° half-angle, and various 
bluntness ratios from 0 to 17.1$ are being studied. All tests have been 
conducted with the model surface at the adiabatic recovery temperature. 
These test conditions are such as to yield completely laminar wakes 
throughout the region of teêting (0-15 base diameters). 

Several important considerations dictated the design of the 
experiment. It was desired to survey the wakes of support—free axisymmetric 
bodies under long duration, steady state conditions. This is a substantial 
improvement over previous experiments which have been conducted either in 
short duration facilities or behind two dimensional or mechanically 
supported three-dimensional bodies. It is important to realize that this 
experiment utilizes a perfect gas (no ionization, dissociation or radiation) 
which allows a careful fluid mechanical study to be performed. Such an 
endeavor yields information which can be used to check various theories 
without the inclusion of uncertain physiochemical processes. 

The conditions discussed above have yielded an experiment in 
which point measurements can be made in the flow field. Principle methods 
of measurement are pitot pressure probes, hot-wire anemometry techniques 
and conventional static pressure probes. Not all of these probing tech¬ 
niques are useful throughout the entire flow field and their various 
applications will be discussed. 

Principal results obtained to date have been with the pitot pressure 
probes. At the Mach number, Reynolds number and wall temperature of this 
experiment, the viscous wake behind the body is actually larger than the 
body base diameter. No "throat" or "neck" in the classical sense is 
present but other familiar features can be seen. Such an extensive spread 
of the wake is believeû to be the result of the expansion of the highly 
vortical boundary layer upon separation from the body. 
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RESUME 

, x J Au cours de cette communication sont exposes certains travaux 
recents de nature expérimentale, intéressant le domaine général des 
sillages laminaires hypersoniques se produisant derrière des corps coniques. 
L expérience est effectuée dans une soufflerie classique fonctionnant à un 
nombre de Mach nominal de 16 et h un nombre de Reynolds en écoulement 

par,po'-lce- °n utiliS8 ^ l'héli™ k une température 
il arret de 525 H.; c est en effet un gaz permettant de réaliser des 
expériences relevant de la pure mécanique des fluides. Cette expérience 
présente un caractere de nature unique: l'utilisation d’un système de 
suspension magnétique pouvant servir de support à des corps de révolution. 
Ce système, exposé en détail au cours de précédents rapports, ne sera pas 

Ca teXte- .0n etud^e les sillages apparaissant derrière des 
un del forme conique, présentant une base de un pouce de diamètre, 
a ^mi-angie de 10 , et divers rapports d'arrondissement, allant de 0 à 
ll'lz 'P0Ur +t0US,lef essf3 effectués, la surface de la maquette a été 
ne^ettenH. htper are ^^cuPération adiabatique. Ces conditions 
p mettent d obtenir des sillages absolument laminaires pour toute la 
zone d essai (diamètres de culot allant de 0 à 15). 

La mise au point de l'expérience fut dictée par plusieurs 
considérations importantes On désirait étudier le sillage produit par 
es corps de revolution libres de tout système de sustentation au cours 

d essais de longue duree en régime stable. Ceci constitue un progrès 
substantiel par rapport aux expériences précédentes, menées soit dans des 
installations pour essais de courte durée, soit sur des corps bi-dimen- 
sionnels ou tm-dimensionnels a support mécanique. Il est également 
important de souligner que le gaz utilisé au cours de cette expérience est 

gaz parfait (sans ionisation, dissociation ou radiation), qui permet de 
proceder a une étude minutieuse relevant de la mécanique de^ fluide™ Les 
résultats obtenus dans ces conditions peuvent être utilisés pour la véri¬ 
fication de diverses théories, sans qu'il soit nécessaire d'avoir recours 
a des proceaes physico-chimiques incertains. 

On a pu, dans les conditions décrites ci-dessus, procéder h des 

d’5^ilementPeT^tant ^ mesures .^trêmement localisées dans le champ 
d roulement Les principaux procédés de mesure employés sont les sondes 
,e P^e®sl0£ dynamique de Pitot, les techniques anémométriques utilisant 
des fils chauds et les sondes de pression statique classiques. Cependant 
ces techniques de sondages ne sont pas toutes utiles pour la totalité du 
champ d écoulement, et les auteurs examinent leurs diverses applications. 

Les principaux résultats dont on dispose à ce jour ont été 
obtenus grace aux sondes de Pitot. Pour le nombre de Mach, le nombre de 
Reynolds et la température des parois choisis en vue de l'expérience le 
sillage visqueux situe derrière le corps étudié est en réalité plus 
important que le diamètre de base de ce corps. Aucun rétrécissement au 
sens classique, ne se produit, mais on peut observer d'autres caractér¬ 
istiques bien connues. On suppose qu’un tel étalement du sillage est dû 

d&olîSTcÔrps 00UChe limlte hauten'en* “’“'•blUonnaire après 
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1. lUTRODUCTIÛN 

This paper reports some new experimental work in the general 

area 0'* hypersonic wakes behind conical bodies. The studies 

currently in progress at Princeton University's Gas Dynamics Laboratory. 

The experiment is jurely fluid mechanical in nature (e.g., no physio- 

chemical effects), and is being conducted in a conventional hypersonic 

helium wind tunnel. A unique feature of this work is the use of a mag¬ 

netic suspension system which is capable of supporting axisymmetric bodies. 

Pitot pressure and hot -wire anemometry probing techniques are being em¬ 

ployed to analyze the wake flow fields. 

There are two primary objectives of the research: the first is 

to formulate a basic understanding of the physical processes involved in 

the initial development of the laminar wake flow field behind conical 

bodies by constructing an accurate experimental model. The second objec¬ 

tive of the research is to provide a set of point measurements in this 

region to be used as a reference when comparing different theories. Such 

a result will allow the fluid mechanical formulations of various wake 

calculations to be verified prior to the inclusion of physio-chemical 

processes. 

2. EXPERIMENTAL TECHNIQUES 

A conventional helium wind tunnel is used to generate the flow. 

Helium gas at a stagnation pressure of 225 psia (1162 cm Hg) and room 

temperature is expanded through a contoured nozzle to freestream condi¬ 

tions. An inviscid core of about 2.5 inch (6.35 cm) diameter and 18-inch 
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(45.7 cm) length is present. 

At the cone tip, the Mach number is 16.35, the Reynolds number 

is 121,000/inch, the static pressure equals I51 microns of mercury, and 

the velocity is 5650 feet/second (1720 m/sec.). Deviations from these 

nominal freestream conditions occur throughout the test region, but are 

of less significance than the trends reported for the wake flow field. A 

calibration of the wind tunnel may be found in Reference 1. Static density 

levels are too low to allow standard flow visualization techniques to be 

employed. A testing time of about six minutes is available. 

Right circular cones of 10° half angle, one inch (2.54 cm) base 

diameter and various spherical bluntness ratios from 0 to 17.7# were used 

as models. The detailed design of the model (Figure 1) was dictated by 

the requirements of the magnetic suspension system which provided a model 

support apparatus completely free of mechanical contrivances during a 

test. The suspension system is fully described in References 2 and 3. A 

mechanical holder used during starting and shutdown is retracted from the 

tunnel throughout the data gathering stage of the test. All tests have 

been conducted with the wall temperature approximately equal to the adiabatic 

value. The model is maintained fixed and stable to within a few thousandths 

of an inch. 

One of the objectives of the experiment is a complete determina¬ 

tion of a11 the flow field variables (pressure, density, velocity, etc.) 

and several types of i- truments are needed to accomplish this task. The 

use of any standard aerodynamic tool throughout the entire wake is compli- 
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cated by the extremes encountered in local flow conditions. The responses 

of available diagnostic tools vere considered susceptible to the following 

characteristics of the problem: 

(a) The local Mach number of the flow varies from subsonic to hyper¬ 

sonic values. 

(b) The local Reynolds number changes by about two orders of magni¬ 

tude from near freestream level in the inviscid wake to a low 

value on the wake axis. 

(c) Gradients in the property being measured may be large over a 

distance comparable to the probe dimension. 

(d) A given probe may interact with the flow field to a sufficient 

degree to peruurb it a measurable amount, or even change its 

characte altogether. 

(e) Significant flow angularities could be present. 

With these characteristics in mind, the present experimental 

program was designed to include two important features. The response of 

each probe was either known to be not adversely affected by these charac¬ 

teristics, or else a suitable calibration scheme was included to investi¬ 

gate the problem. Consistency of the results are to be established by 

redundant measurements with different instruments. The instruments are 

expected to depend on the characteristics of the flow field in different 

vays in order to detect of eliminate spurious effects which may manifest 

themselves. Data presented in the following two sections have been ob¬ 

tained with pitot and hot-wire probes, other probing techniques are 
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currently being employed, but complete results ax'e not yet available. 

Several pitot probes were used in the course of the expericent. 

The majority of the data were gathered with a probe which had an externally 

chamfered circular orifice of 0.048 inch I.D. and O.063 inch o.D. (1.22 mm 

I.D. and 1.59 n® O.D.). Three other geometrically similar probes were used 

along the wake axis in an experiment to measure viscous corrections for 

the 0.048 inch I.D. probe. Another probe used in surveys near the model had 

a rectangular orifice whose internal height was 0.010 inches (0.254 mm). 

Three pressure transducers were used to attain maximum sensitivity over a 

range of measured pressures from 0.003 to 3 psia (l55n to I55 mm Hg) and 

the resultant accuracy of the measurements is + 25b. The probe lag time 

was continually observed, and readings were recorded only after equilibrium 

iiad been achieved. No corrections to the instrument's reading were made 

for pitot pressure gradients across the probe orifice. The information 

available (4) suggests the corrections are within the accuracy of locating 

the probe, + .010 inch. 

Hot-wire anemometer probes were used to measure steady state 

(or mean level) values of heat transfer rate and probe recovery temperature. 

A constant current hot-wire anemometer unit manufactured by Shapiro-Edwards 

was the prime instrumentation. The techniques for gathering and-analyzing 

tue data closely paralleled those of Dewey (5). Proves were constructed 

from O.OOOI5 inch (O.OO381 mm) diameter platinum - 10$ rhodium wire attach¬ 

ed directly to the support prongs. Each probe had a nominal length to 

diameter ratio of 500, and were operated at low overheat ratios ranging 
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from two to twelve percent. 

How-wire measurements were needed only in the viscous wake as the 

inviscid wake was completely determined by the pitot pressure measurement 

(see ’'-low), m the viscous wake, the probe was operating in the free- 

molecule flow regime where the response of the instrument is knovn analyt¬ 

ically (6). Each probe was calibrated in the inviscid wake where the flow 

ear free molecule, and an appropriate thermal accommodation coefficient 

was obtained. The values for the later quantity ranged from 0.48 to 0.58 

and remained quite constant for each probe during its lifetime. No parti¬ 

cular care was taken to insure a clean probe surface, and there was most 

probably an absorbed gas layer present. Radiation from the hot-wire probe 

was negligible compared to convection and conduction cooling (end losses). 

The latter represented a major error which was accounted for by using 

Dewey's (5) end loss corrections. For the calibration experiments in the 

inviscid wake, the end losses reached a maximum of I75L In the viscous 

wake the maximum value was about 50*. Complete details of the hot-wire 

measurements may be found in Reference 1. 

Readings from the pitot pressure and hot-wire probes were com¬ 

bined to extract infonnation about the flow field. The execution of this 

procedure contained several novel features discussed below. (Details of 

the computations may be found in Reference 1). m the viscous portion of 

the wake, both probes were needed to determine the flow field. Three in¬ 

dependent measurements are needed to completely define all the thermo¬ 

dynamic and dynamic parameters in such a region. One of the measurements 

5 



was pitot pressure . The other two measurements were contributed from the 

hot-wire probe in the form of a heat transfer rate (or Nusselt Number) and 

an adiabatic cylinder recovery temperature. The actual data reduction 

technique consisted of guessing initial values of Mach number and stagnation 

temperature, and performing an iterative calculation until the desired con¬ 

vergence of the solution was obtained. 

For regions wherein the local Mach number is less than about 2.5, 

this scheme will yield a complete description of the flow field providing 

the three measurements are of sufficient accuracy. Both the pitot pressure 

and hot-wire probes are blunt bodies, and as such are subject to the well- 

known hypersonic independence principle. Thus, above Mach numbers of about 

2.5, the probe's responses are sensitive only to density and velocity 

variations. Hence, in regions of the viscous wake when M = 2.5 is exceeded, 

these are the only parameters recoverable from the probing techniques. 

The response of the ideal pitot probe is governed by the Rayleigh 

pitot probe formula. This expression is written below in a form convenient 

for the present discussion: 1 

This expression clearly indicates that pitot pressure response becomes 

practically independent of Mach number at moderate supersonic speeds. For 

hypersonic flow, pitot pressure responds exclusively to momentum flux var¬ 

iations (a combination of density and velocity only). This is indeed the 

6 



case in the inviscid wakes of many bodies. 

Another approximation may be introduz ^ 
^ introduced xn many situations which 

further simplifies the interpretation of pitot pressure aata. oblique 

shoot waves in h^rsonio flows ^ only ^ ^ ^ 8as 

veiocity. For example, in the present eminent, bov shoot wave oause, 

about a ^ reduction in total velocity, ^irthe^re, as the now traverses 

the expansion re8i„„ es.natin« r™ tte rear of the cone, the gas is ae- 

celerated to within less than a percent of its freestream velocity. Thus, 

in the inviscid wake where no fra u 
forces have acted upon the fluid, the 

velocity is equal to the freestrean, value, aad pitot pressui* 

are synohWus with dehsity variatiohs. These two salifications toother 

With the pitot pressure measurement result in the complete determination of 

the flow field as is outlined below. 

Density and velocity distributions are known both In the viscous 

vake and inviscid wdke, and hence a „ss now Intend (or stream function) 

»y be computed for each location in the flow field. A point with the 

corresponding stream function may be located on tbs bow shock wave if the 

Shaï* 0f the Utter iS ~iou pressure loss across the 

shock wave may then be calculated for each streamline, (stagnation pressure 

losses across other stack waves in the flow field my also be included., 

Since the inviscid flow field is isoenergetic, the stagtaition température 

is known everywhere. At each point in the inviscid wake then, the pitot 

pressure, stagnation pressée end stagtation temmrature are known. Thle 

is enough information to determine all the flow field variables, m 
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practice, the accuracy of the method relies on the determination of the 

local slope of the shock vave. A series of experiments were performed to 

accurately measure this. 

Several reimrks of general interest should be nade here. The 

method outlined above for analyzing the inviscid wake may be extended to 

much lower Mach numbers than in the present experiment. For instance a 

10 half angle cone in a M = 4 air stream has a velocity deceleration across 

the bow shock vave of about -$.% and a surface Mach number of about 3.5. 

Following the corner expansion, the flow velocity and Mach number should 

have returned to a sufficient level to accurately use the above analysis. 

For better accuracy at lower Mach numbers, a suitable iteration procedure 

could be established incorporating the above scheme as an initial guess. 

This technique for analyzing the inviscid wake has the distinct advantage 

of using a simple, reliable probe whose response is well known. 

3- SHARP CONE RESULTS 

The probing techniques described above have been used to study 

the wake from zero to fifteen base diameters behind a sharp, 10° half angle 

cone. The predominant features of the flow field observed are shown to 

scale in Figure 2. The viscous wake lias an almost constant width of 1.25 

base diameters. This is somewnat larger than the base diameter plus 

boundary layer thickness (1.14 base diameters). The classical necking 

down is not evident for these conditions, a trailing shock js first de¬ 

tected at two diameters behind the model, end reaches the viscous wake 

edge at about three diameters. Its strength and inclination varies along 
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Its length as Is discussed below. 

10 °räer t0 ™ely ^ tow shoch locauon, a 

separate series of excerimon+o , 
experiments were performed a , pt-riormed. A hot-wire probe whose 

^ten was eo„e with the s.ch wave thlchness ,0.001 Inch) was 

-ed to traverse the shoe* wave at stations. A least _ saueres 

slope was determined from -Hio ^ . . 
” the eqi,atIOn 0f fitted curve. ^ 3 pre. 

he A Eh0Ck WaTC “«le °f ^-7° was observed froo 

0.13 to 2/d =. 0.3. The shock wave slope then .nonotonlcaUy decieas 

" f0r lareer Z/D — wo, taken upst,a„ of the 

"0*13 location. Instead, a conqtnrvf- ev, , a 
) constant shock wave angle of 1? 7° ,.. ^ oí . 7 Was assilme¿ 

fot this region. This assumption was verilied hy a pitot pressure trac 

at the °0ne 6h°Ulaer (Plg- 4)‘ A — - - constant pitot pressure 

was observed between the boundat. layer edge and the shock wave Indicating 

a straight shock wave. The level nf tv¡+ + 
^ pitot pressure agreed with that for 

a 12.7 shock wave to within one percent. The invi^-M 
Viscid cone shock wave 

angle for these conditions a0 
is lr.o and the additional 0.7° Inclination is 

dUe a" the PreSenœ °f the tandary properties based on a 

12-7 Sh°0k TOVe ^ 11Sted ^ ^ location, the bo^ary 

layer and shock layer thicknesses a, about equal. 

deïel0I,Mnt °f tte - Viscid wakes is Sustraed 

by the density profiles In Figures 4 and 5 At thp 
At the cone shoulder, a region 

of near constant density is visible ln ^ shook 
• The density measure- 

ments in this region were calculated from nitnt . 
Pitot pressure data with a slight 
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correction for the velocity deceleration across the bow shock wave. Agree¬ 

ment with the theoretical density ratio is excellent. One-half diameter 

behind the cone, the effects of the shoulder expansion processes are 

evident. A marked density decrease has occurred in part of the flow field. 

A small constant density region still exists near the bow shock wave indi¬ 

cating that the leading wave of the expansion fan has not yet intersected 

the shock wave. The shock wave inclination angle has remained unchanged 

(Figure 3) within the accuracy of that measurement. At two diameters 

behind the body, the density gradient through the expansion fan is visible. 

A slight density increase, recognizable as the forming trailing shock wave 

has appeared. No indication of a trailing shock was discovered after 

careful probing at one and one-half diameters. It seems, therefore, that 

the trailing shock wave forms somewhere between these two locations. 

Three diameters behind the sharp cone, the trailing shock wave 

has approximately reached the edge of the inner or viscous wave. The 

latter is characterized by a region of constant density around the axis. 

The level of density in this area is approximately an order of magnitude 

below the edge value. Outside the trailing shock wave, the density 

gradient due to the expansion fan is again manifest. At five diameters, 

a definite inviscid region exists between the viscous wake edge and trail¬ 

ing shock wave. The viscous wake edge is denoted by an arrow. Results 

calculated in the inviscid wake from pitot pressure measurements alone 

are denoted by circular symbols. (These are accurate to + £$>)• The 

squares denote calculations from pitot pressure and hot-wire data. This 
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notation is uniform throughout the paper. At ten and fifteen diameters, 

the character of the viscous wake is the same as three and five diameters. 

The density level in the wake center has a continual, slight increase. A 

region between the wake edge and trailing shock wave of near constant 

density is present at ten and fifteen diameters. 

Mach number distributions in the invlseid wake are presented in 

Figure 6. Unfortunately, at this stage of the experiment, the hot-wire 

measurements are not refined to a sufficient accuracy to calculate para¬ 

meters other than density. However, the inviscid wake calculations are 

themselves quite revealing. The Mach number profiles again illustrate 

the characteristics of the expansion fan. The Mach number change across 

the trailing shock wave is seen to decrease rather quickly with axial 

distance behind the body, outside of the trailing shock wave, the esti¬ 

mated error is about ± 3*. A typical inaccuracy inside the trailing shock 

wave is indicated by the error bar at Z = 5D. The increased error in this 

region results from the estimate of the trailing shock strength needed to 

determine the local stagnation pressure. At three diameters, the trailing 

shock wave causes about a fifteen percent decrease in stagnation pressure. 

However, due to the rapid decay of the shock strength, there is only about 

a one percent loss at five diameters. 

The character of the region between the trailing shock and the 

viscous wake is portrayed more fully by the radial pressure profiles (Figure 

T). From a high level near the bow shock wave, the pressure decays to a 

level below p^ . A recompression across the trailing shock wave then 

11 



raises the pressure above, but to the order of, . Between the trailing 

shock wave and the wake edge, the pressure remains approxhrately constant at 

a level of about 1.2 p^ . The pressure variations in this region may be 

the result of either experimental inaccuracy or some sort of secondary wave 

reflection pattern. 

Four representative streamlines are plotted in Figure 8. The 

general characteristics are quite evident. An important feature to note 

is that the streamlines downstream of the trailing shock wave are straight 

and nearly parallel to the axis. The i|r = 0.5 streamline is slightly in¬ 

clined towards the wake axis at a measured angle of about -0.4°. Determi¬ 

nation of an angle of that size is probably beyond the accuracy oí experi¬ 

mental data. However, it does appear that downstream of the trailing shock 

wave, the streaml ines are approximately parallel to the axis and the pres¬ 

sure is the order of free stream ambient. 

The streamlines presented in Figure 8 are obtained by numerically 

integrating the mass flow from the wake axis to any r/d . A typical mass 

flow distribution across the wake at one axial location is shown in Figure 

9* Also plotted is the freestream distribution measured at a nearby 

location with no model in the tunnel. The two curves agree to about one 

percent outside the bow shock wave verifying the accuracy of the inviscid 

wake mass flow calculations. 

Some remarks concerning probe-flow field interaction effects 

should be made at this point. Three separate experiments were carried out 

to detect and identify such disturbances. The goal of the first two sets 

12 



Of tests 
were to determino If any interaction „as occurring between the 

probe and the viscous „ahe downstream of the trailing shoch wave origin. 

It was presumed that such a disturbance would be direst as a .Urge scale 

change, e.g., a distortion of the wake bnunHov.* 
woke boundaries, a spreading of the vis¬ 

cous wake as observed by battery, et. al. (7), or a change in ^3,,^ Qf 

trailing „hock wave. One test Involved a pitot pressure survey across 

tPe wake at z . 5D „Ith two proteo of quite différé., geometry. No 

portant differences were noted between the two profiles. The second 

experiment involved moving a pitot prote on the w^e centerline upstream 

from fifteen diameters behind the cone. At the same tlv 
«i- me oame tine, a second probe 

mounted from the tunnel wall at about ei^ht rH + 
OUt eight diameters was used to monitor 

the trailing shock wave position. The 
T . farthest upstream point the center- 

line Pitot probe could be used was three dWters, at which tine its 

Chock wave intersected the monitorihg probe. „0 change in location of 

the trailing shock wave position was found for any position of the center- 

line pitot probe tetween three and fifteen diameters. 

The third experiment was designed to uncover changes in tie base 

now region due to the presence of a probe. The curpent in the drag 

of the magnetic suspension svstem was monitn^ 
“ au n.unitored on a sensitive recorder 

with the largest part of the signal biased off 
« . Diaoed off. it was possible to detect 

changes in total cone draR of ohnn+ n 
g out 0.05^. Assuming a base pressure on the 

order of p (see below), this renresentR k 
represents a change in base pressure (or 

base drag) of between one and two Dement a < 
percent. A significant change in the 

geometry of the base flow reir-inn -, 
g -U ould produce base pressure changes 



greater than this amount. 

Results cf the above experiment were as follows; No base drag 

changes could be determined as pitot probes one through four were moved 

from zero to fifteen diameters. An increase in base pressure of about 

three percent was caused as the model launcher was moved from three diameters 

to just behind the model. A description of the launcher can be found in 

References 1 and 3. Its approximate geometry is that of a side wall mount¬ 

ed wedge shape sting of i/Ö inch base height. 

A series of four geometrically similar probes were used to measure 

the pitot pressure on the waiie axis to investigate errors due co viscous 

mechanisms (4). The 0.048 inen I.D. probe was considered the maximum size 

acceptable due to spatial resolution requirements in the rest of the wake 

flow field. For this probe, errors reached a maximum of 2&jo at Z = ID 

(and R = 0D), and decreased to zero at Z ■- 14d. It is interesting to 

note that all four probes recorded the same value of pressure when placed 

directly at the base of the cone model. No significant changes were noted 

in the total drag of the model indicating that the base drag liad changed 

less than two percent. The value of pressure which the probe recorded at 

this location, I.58 + 75(, appears to be an accurate measurement of the 

base pressure. 

4. BLUNT CONES 

A. Pitot Pressure Measurements 

It is generally agreed that the properties of the Hypersonic 

wake behind a blunt base body are in some way related to the properties of 
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the boundary layer at the shoulder. A comparison of several blunted cone 

wakes to the sharp cone wake may shed some light on the importance of 

initial conditions" on the body and their influence on the laminar wake 

development. The wakes of cones with bluntness ratios (r^/r^) 0f 1.4^, 

3$, %, 10* and 17.7* are compared to that of the sharp cone at a station 

five diameters behind the models. For the 10* blunted cone, the wake was 

examined at other locations. Total drag measurements and pitot profiles 

across the wake have been nade for each configuration. 

iigure 10 shows the radial pitot pressure profiles at Z = 5D 

behind all the models tested, including the sharp cone. It is observed 

that data for the 1.4* and 3.0* blunted cones fall on the sharp cone data 

everywhere in the wake (within the + 2* accuracy of the measurement). The 

order of magnitude estimate in Reference 8 indicates that strong interaction 

effects have a greater influence on the boundary layer at the cone shoulder 

than such small geometric bluntness, and therefore no noticeable departure 

from the sharp cone pitot pressure profile is expected. 

When bluntness ratio is increased to 10* and 17.7*, the inviscid 

rotational flow field between the viscous wake and the trailing shock can¬ 

not be distinguished from the viscous wake, and only small changes in 

trailing shock strength and location are observed. For bluntness ratios 

above 10*, the trailing shock is observed further away from the wake center- 

line than the sharp cone trailing shock. No change in pitot pressure in 

the center of the viscous wake is observed as bluntness ratio is increased 

from zero to 17.7*. No significant difference between the density profiles 
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at several axial stations downstream of the sharp and 10$ blunted cone were 

observed. 

B. Total Cone Drag Measurements 

The drag coil of the magnetic suspension system has been cali¬ 

brated to give total drag of all the cone models (3) and the results of 

these measurements are given in Figure 11. For bluntness ratios of less 

than 5$, no noticealbe change from the sharp cone value of O.III5 is observed. 

As bluntness ratio is increased from % to 10$, total drag coefficient de¬ 

creases to about 95$ of the sharp cone value. Further increases in blunt¬ 

ness causes the total drag to increase. 

Although the authors have not encountered other experimental drag 

data which first decreases and then increases as bluntness ratio is increas¬ 

ed, there are drag calculations in the literature which suggest this behavior. 

References 9 and 10 show that skin friction drag decreases monotonlcally 

with increasing bluntness ratio. References 11 and 12 indicate that cone 

surface pressure drag initially decreases for small cone bluntness and 

then increases rapidly for larger cone bluntness. These calculations, 

coupled with rough base pressure measurements which show that base drag is 

nearly the same for all configurations tested, indicate that the initial 

decrease In total drag observed is not unlikely for the cone geometries and 

test conditions in this report. 

5. DISCUSSION 

The previous three sections of this paper have discussed some 

experiments currently in progress at Princeton University's Gas Dynamics 
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Laboratory. This section will elaborate on some aspects of the current 

findings whose nature may be of general applicability. 

Discussions of the sharp cone results in Section.3 demonstrated 

that the trailing shock wave appeared to have a distinct and identifiable 

role in the inviscid wake development. Namely, the flow behind the trailxng 

shock wave is nearly uniform, at a pressure level on the order of p , and 

directed approximtely parallel to the freestream and the wake axis. Depar¬ 

tures from the ideal conditions suggested above may be due to experimental 

inaccuracies, tunnel non-uniformities or gradients, or a secondary wave 

reflection process in the inviscid flow. 

Static pressures behind the trailing shock wave from this experi¬ 

ment and that of Ragsdale and Darling (13) are plotted in Figure 12. The 

results of Ragsdale and Darling are for a turbulent cone wake at a Mach 

number five; a condition which is quite different from the present experi¬ 

ment. Both sets of data indicate flat the static pressure behind the 

trailing shock wave is approximately at freestream level. Ragsdale and 

Darling's results also reveal that the pressure between the trailing shock 

wave and wake edge is uniform to within about + 1($. 

Data of Chapkins, et. al. behind 6° half-angle wedges at a Mach 

number of 4.0 reported elsewhere in this volume also reveal a region of 

uniformity behind the trailing shock wave. Their data is for laminar 

wakes behind both adiabatic and cold bodies with and without mass injection 

into the wake. For all of these cases, the static pressure behind the 

trailing shock wave is at freestream level. (The static pressure was 
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estimated by the authors using the invise id vake calculation procedure 

outlined in Section 2. A straight shock wave for an inviscid 6° wedge 

wao assumed to calculate the stagnation pressure loss for the wake edge 

streamlines). It is interesting to note that the trailing shock wave 

location at a given axial station is radically changed by the mass injection 

process. However, in both cases, a uniform region is produced behind the 

shock wave. 

Streamline patterns from other experimental investigations support 

the observation noted in the sharp cone experiments. Data of Martellucci, 

et. al (It) for the turbulent wake behind a 10° half angle circular cone 

at a Mach number of six indicates that the streamlines downstream of the 

trailing_shock wave are nominally straight. In the region around the shock 

wave origin, Martellucci's data indicates an additional mechanism besides 

the trailing shock wave is needed to straighten the streamlines. However, 

these streamlines appear to be xrside the viscous wake. For some experi- 

ments, it is possible to deduce the directions of certain streamlines from 

schlieren or shadowgraph pictures. Slip lines are streamlines, and if such 

are present in the flow field they may be used to measure streamline 

direction. Hama's data (15) at a Mach number of 2.6l for turbulent wakes 

behind wedges indicate that streamlines downstream of the trailing shock 

wave are straight. Another picture of an 8° half angle cone wake at M = r3 

in air (l6) demonstrates that the same characteristic is observed for a 

transitional wake. 

The above observations seem to support tne conclusion that the 
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iliviccid wa.c fio» tehlnd the trall^g Ehock „avc tas to lts 

otfo™ bomdary coniltions for prca=ure ^ nov direotion_ It is interest_ 

inc at this Point to ostión »hat tight ho the implication of this conclusion. 

There has been so* discussion in the literature recently of the nature of 

the interaction of the viscous shear layer and „ahe with the inviscid 

outer fio», Ttese two regions oust s„„how adjust so as to deduce a com- 

patible fio» pattere. it now appears ttat this adjusts tales place near 

the body. The final manifestât inn n-p pho i- 
ation of the adjustment is the trailing shock 

Wtt* °, Behind "this shock wpîvp +ho / 
shock wave, the viscous wake (whether it be laminar, 

turbulent) grows into a uniform pressure field and uniformly 

directed velocity field. If mSs is added to the wake as in the experi¬ 

ments of Chaplins, et. al., it is clear some sort of adjustment in the flow 

field »ist result. Whatever the detailed process is, the trailing shod 

wave again produces a uniform flow in the inviscid wale. 

6- CONCLUSIONS 

Results have been presented from an experimental study of laminar 

wakes behind conical bodies. Hot-wire and 
wire and pitot pressure instruments have 

been used to probe the flow field 'rv,« ^ 
HOW Held. The experiment is purely fluid mech¬ 

anical in nature and is being condne+od -i., 
ng conducted in a conventional helium wind 

tunnel. The major findings to date are: 

1. For a sharp coae, in the region between the trailing shod wave 

and viscous wale edge, the pressure is nearly constant and is on the omier 

Of freestream ambient. In the same region, the streamlines are parallel 

bo the wale axis. These two observations, supported by data from other 
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laboratories, indicate that the trailing shock wave must be the final 

mechanism in returning the inviscid wake flow to its downstream boundary 

condition in pressure and flow direction. 

2. Surveys across the viscous wake revealed a sharp decrease in 

density of at least one order of magnitude at the wake edge. The center 

of the viscous wake is a region of nearly constant density. 

3- No significant changes were noted in the wake pitot pressure dis¬ 

tribution as the bluntness ratio was increased from 0 to 10$. 

4. As bluntness was increased from 0 to %, the cone drag remained 

constant. The drag then decreased to 95$ of its sharp cone value as the 

bluntness reached 10$, and further increases in bluntness caused increases 

in drag. 
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SUMMARY 

The paper will describe the results of continuous pitot pressure 
surveys behind a 7 degree half angle cone at zero angle of attack. The 
cone is at recovery temperature. Hot-wire data will probably be limited 
to qualitative surveys indicating the extent of the base recirculation 
region and the location of the transition point in the wake. The pitot 
pressure surveys extend from the base to a distance of about 6 diameters 
downstream and are sufficiently detailed to accurately indicate the 
complete geometry of the near wake region including the corner expan¬ 
sion, lip shock, free shear layer, and wake recompression. 

Pitot pressure profiles taken over a range of Reynolds numbers 
will provide information on the Reynolds number dependence of the near 
wake characteristics, and on body size effects. These data are further 
supported by Schlieren photographs of the near wake, although these 
photographs are of poorer quality than those usually obtained in ballistic 
ranges. 

Similar results will be presented for the 7 degree cone at small 
angles of attack, which forcefully illustrate the sensitivity of the wake 
flow to this variable. 

A brief description of the magnetic suspension system and the 
data acquisition techniques will also be given. 



RESUME 

Au cours de cette communication seront décrits les résultats de 
relevés continus degression dynamique à l'arrière d'un cône présentant 
un demi-angle de 7 et placé sous un angle d'attaque nul. Ce cône est à 
la temperature de récupération. Les résultats fournis par la technique 
de.-, fils chauds seront probablement limités à des données qualitatives 
indiquant l'etendue de la zone de recirculation de la partie postérieure du 
cône, et 1 emplacement du point de transition dans le sillage. Les relevés 
de pression dynamique par sonde de Pitot s'effectuent de la base du cône 
a une zone situee en aval, à une distance représentant environ six 
diamètres et sont suffisamment détaillés pour indiquer avec précision la 
géométrie complete de la région du sillage proche du corps, y compris 
1 etaiement a proximité de l'angle, l'onde de choc attachée au décroche¬ 
ment du culot, la couche de cisaillement libre, et la recompression du 
sillage. 

Les profils de pression dynamique pour toute une gamme de 
nombres de Reynolds indiqueront dans quelle mesure les caractéristiques 
de la zone de sillage proche du corps dépendent du nombre de Reynolds 
e renseigneront sur l'influence des dimensions du corps. Ces données* 
seront appuyées par des photographies Schlieren du sillage au voisinage 
du corps, bien que ces images soient de moins bonne qualité que celles 
généralement obtenues en tunnels balistiques. 

Les auteurs présenteront, pour ce cône de 7 degrés orienté 
suivant de faibles angles d'attaque, des résultats similaires qui illustrent 
avec conviction la sensibilité de l'écoulement du sillage à cette variable. 

Pt ipC 11 ^ décriront enfin brièvement le système de suspension magnétique 
et les techniques d'acquisition de données. ë M 



NOTATION 

d cone model base diameter 

M avenge Mach number of jet 
ave J 

pp pitot pressure 

Po stagnation pressure 

Reood Reynolds number based upon tree stream conditions and model 

base diameter 

T temperature 

T^ stagnation tempe rature 

V velocity 

x,y,z coordinates as defined in Fig. 6, and with origin at the center of 

the model base 

a angle of attack of the model 

6., minimum wake width 
M 

6^ boundary layer thickness on the cone just before separation at 

the base 

p density 

p viscosity 

Subscript 

( ) free stream conditions 
00 



1 • INTRODUCTION 

The study of hypersonic wakes has largely been motivated by the 

desire to predict observables tn the wakes of bodies reentering the atmos¬ 

phere. To get some idea of the flow conditions encountered during reentry, 

Fig. 1 shows the Mach number-Reynolds number history for a typical, 

slender conical body having a base diameter of five feet. An altitude 

scale is also superimposed on the horisontal axis. At 250,000 feet, the 

mean free path in the atmosphere is abou, . 1 inch, so the flow can be 

considered continuous below this altitude. The extremely high Mach 

numbers experienced during such a reentry pose a difficult problem for 

the experimenter. A, the presen, „me i, is impossible to simulate these 

high Mach numbers in a facility which will allow a reasonably complete 

exploration of the wake. The MIT Aerophysics Laboratory has under¬ 

taken a program to supply experimental data in the near wake (x/d<10) 

of three dimensional bodies a, much lower Mach numbers. The ability 

to test continuously in a support-free wake is the advantage of our facility. 

so plotted in Fig. 1 is an approximate curve which represents 

the locus of wake neck transition points. The intersection of the reentry 

trajectory with the transition curve defines the altitude a, which transition 

has moved forward to the wake neck. Above this altitude, the transition 

point will move downstream into the wake, while below this altitude 

transition will move ahead of the rear stagnation point. Thus the near wake 

iS probably laminar for about half of the total altitude history in the con- 

tinuous flow regime. 
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Ihe measurements to be reported here consist of pitot pressure 

surveys behind a 7 degree half angle cone for several angles of attack. 

The Reynolds number is low enough to insure a laminar wake in the 

region investigated -- from the cone base to 5 1/2 diameters down¬ 

stream. 

2. EXPERIMENTAL EQUIPMENT AND PROCEDURES 

2. 1 Wind Tunnel 

The experiments were carried out in the MIT Aerophysics 

Laboratory hypersonic wind tunnel, at a nominal Mach number of 4. 3. 

The tunnel is a continuous flow, open jet type with a nozzle exit area 

of 3.06 in. by 3.88 in. The core of inviscid flow is approximately 

2.2 m. by 3 in. Overexpans ion of the nozzle flow was controlled by 

bleeding air into the bell surrounding the free jet. Normally the tun¬ 

nel was operated with the bell pressure slightly less than the nozzle 

exit static pressure. Pitot pressure profiles were taken throughout the 

test section of the jet with no model present to establish flow uniformity. 

Within the nozzle Mach rhombus the Mach number variations were less 

than ±0.5 percent. However, outside the Mach rhombus the flow expanded 

to a Mach number 4 percent higher. Thus an average Mach number can 

be defined, from which variations are never more than ±2 percent. 
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Magnetic Suspension System 

The hypersonic wind tunnel ts equ.pped w„h a five-degree- 

°<'freed0m masn<i“c •'»P“«» •T«.™ (described He,. 2 

is a schematic of the rel-itm, 
elative magnet positions. The funrtir,n r *i me Junction ol the mag¬ 

netic suspension svqt-. ,,,., . , 
V WaS ,0 Iocate lhe »Td tunnel ntodel a, a prede- 

termined position while the wake was probed The . , 
^rot3e<i- The model could be placed 

p eviously determined location within ±0.004 in ^nd to a 
Vdut in. c-nd to a given angle 

O, attach wtthtn i0.¿ de6rees. ^ optics ¡n piane couW 

-filie, o, attach up to 2„ degree, are obta. „able in prtnciple. ) 

The position drift transía,ton was less than .0.002 ov.r a 

10 minute period Sinrn the i 
the absolute position of the model was reset 

traverse of the wake, the model position was always within 

*0.006 tn. transía,ton and 0. 3 degree angle ol attach o, the set point 

■n addition, small scale fluctuations in model post,ton were always 

present. The control optics output was monitored indteate the levei 

Of these fluctuations. Fig 3 is a t , 
fig- 13 a typical time history of horizontal 

translation during a wind tunnel run. 

2 • 3 Models 

All models used were 7 degree half-angle cones 3 in • 
length with a base diameter of 0 737 in Th • m 

base radius was less than .01. The H ^ ^ ^ t0 

ingot iron, counterbored at the rear 3 f tt ^ C°n9trUCted °f ™gnetic 
Fig 41 Th Wlth a thin COver disk (see 

g- )■ The purpose ol the counterbore was to mr, h. 
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2,4 Instrumentation 

Pitot pressure probes were made by drawing I mm OD glass 

tubing to the desired thickness and shape. The tube was then broken at 

the minimum section and honed square with a smooth stone. The final 

outside and inside diameters at the tip were of the order of 0.011 in. 

and 0.007 in. respectively (see Fig. 5). Probe supports were brass 

double-wedge stems designed to produce as little disturbance as 

possible. A ±5 lbs/in Hydine differential pressure transducer was 

located at the base of the pitot probe stem, less than 5 in. from the tip. 

The internal diameter of the stainless steel tubing joining the glass to 

the transducer was selected to minimize the time response of the system. 

Response times of the order of 0.5 second were measured for a 1 lb/in^ 

step input and the transducer initially at vacuum. 

The hot wire probes originally had the wires supported by jewelers 

broaches which were epoxied onto the sides of a brass stem. However, 

preliminary investigation (Ref. 5). showed that these probes presented 

too much interference in the wi,ke region. The probes were redesigned 

to be very similar to the pitot probes. In the new design (see Fig. 5), 

the supports were made of 0.007 in. spring steel fed up through a glass 

tube, .020 in. in diameter. One of the spring steel supports was coated 

with epoxy to electrically insulate it. The supports were bent apart like 

a fork, leaving their tips about 0.070 in. apart. The wires themselves 

were made from 0.00012 in. diameter tungsten wire, copper plated at 

each end, with an unplated central portion about 0.020 in. in length. 

Time constants for such wires were about 1/2 millisecond. 
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The probe drive mechanism was capable of moving the probe in 

three orthogonal directions (Fig. b). Probes were normally mounted in 

the vertical plane, but could be mounted horizontally for limited Investi¬ 

gations. Lach degree of freedom was fitted with a mechanical counter 

and a Helipot potentiometer. Lor convenience in taking flow profiles, 

the y and z drives wore controlled by reversible, variable speed, d.c 

motors. A voltage proportional to position was fed into the y axis of 

the Moseley Autograph X-Y plotter when profiles were being recorded. 

When pitot pressure profiles were taken the voltage output from 

the pressure transducer was led into the x axis of the Moseley X-Y 

Plotter. Similarly ho. wire voltage or mean square voltage fluctuation 

was fed into the x axis ol the plotter when the hot wire was used. The 

hot wires were operated with a Shapiro-Edwards constant current system. 

Mean wire voltage was plotted only for the purpose of establishing the 

negligible effect of the probe on the wake flow. Mean square voltage 

fluctuation profiles were used to establish the location ol wake transition. 

3. EXPERIMENTAL results 

3.1 Test Conditions 

All tests were performed with the cone very near 

recovery temperature. Below is a summary of the tes, conditions, 

including an estimate of the boundary layer thickness jus, before 

separation at the base. 
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P0" o_Reccd Mav 6b 6|y/d 

4 5.0 lbs /in 250 “F 156,900 

-7.0 250° 94,300 

18.0 ¿50“ 55,800 

11-9 ¿50“ 40,600 

To avoid modifications to the optical control system, a single cone size 

was tested. The Reynolds number was varied by changing the tunnel 

stagnation pressure. Tunnel air has a dewpoint of about -70 “F, and the 

stagnation temperature was high enough to avoid air liquefaction. 

3.2 Transition location at zero angle of attack 

The location of the transition point in the viscous wake was 

determined from observation of the mean square hot wire voltage fluc¬ 

tuation (a measure of the energy contained in the longitudinal velocity 

fluctuation). With the hot wire compensated for wake edge conditions, 

the wake was traversed horizontally and vertically in planes perpendi¬ 

cular to the stream direction at various axial positions downstream of 

the rear stagnation point. Profiles of mean square voltage fluctuation 

indicated a maximum signal in the viscous wake at some distance from 

the centerline. On the centerline of the wake the fluctuation energy was 

initially very low. Fig. 7 shows the centerline fluctuation energy 

normalized by the value outside the wake as a function of axial distance 

Irom the cone base at several Reynolds numbers. At some definite 

axial position, determined by the Reynolds number, the fluctuation 

energy on the wake axis increases rapidly. Behrens (6) has shown, 

at least for a two dimensional cylinder in supersonic flow at low 

Reynolds numbers, that the rapid increase in the centerline fluctua¬ 

tion signal is coincident with the first deviation from laminar behavior 

in the wake. It is reasonable to suppose the same behavior in the viscous 

cone wake. The conclusion is that, in this investigation, the cone wake 

is completely laminar in the region of interest at the two lowest Reynolds 

numbers; but at the two highest Reynolds numbers deviations from laminar 

behavior should be expected just downstream of the rear stagnation point. 

4.28 . 0 25 in. . 0 34 

4.28 .032 .043 

4.28 .040 .054 

4.28 .051 .069 

6 



lanya;vent ,íor al1 four =now upstream of the reir 

W" P°,n' “hOUld be lam‘^r since the separated shear layer is -nuch 
more stable than the downstream wake. ^ H 

The instantaneous hot wirr» «ii-mni i 
At the twn (- 1 p „ 8 WaS °bSfcrved on an oscilloscope 

tie two highest Reynolds numbers the fluctuation« 

quite random. At the two lowest R ' J ^'“«‘^uppear ed to be 

were obsere d - ,., yn nUmbe,'S d‘5Cr,!,'î fluencies 
8 e '°“eh the S‘8"al amPUtutles were much smaller). Fig 
s S t W5 an osc,nation which was presen, a, «e^ .- 55,8„o a, x/d ! 6 8' 

The fluency ts very near.y 1,,00 cycles per second. Kendall (7, has 

ported discrete oscillations in the wakes oi cylinders and s h 
supersonic ilow The oscilla,' t V ‘"ders und sphe res tn 
wake which h , an amplitude distribution across the 
wake which exhibits a minimum on the wake axis, where the second bar 
monic is also nrespnt ,. , ona “ar~ 

result of th ■ ,,. ’ 15 mle dOUbt that these oscillations are a 
esult of the instability of the wake flow. 

3.3 Pitot Pressure Errors 

It is convenient at this point to discuss som* ri, 
ties in rthxx » r uiacuss some of the uncertain¬ 
ties in the pitot pressure data. Fie 9 shows a t • i 

as it was recorded m ^ travers« Just 
oft, . ‘ gain more conlldence in the measurements most 
of the traverses were rernrHeH u ^ • , ’ most 
wake in one H , re™rd*d by driving the probe completely across the 
wake in one direction and then back again. The deviations between the two 

traverses can be attributed to several causes The . • 

backlash in the probe drive mach • , important are: 
, f . P achanisrn <am°unting to about .007 in 1 rr8rfíects in ,he pressure tra"8ddd»' - ^ 
foc .. eV‘af nS are 8eneri11'' much *han the absolu,e err„c e,timaîe 

reason ''LlrTth""’6"'8' WhÍCh ^ ÍndÍCa'ed ¡n the “S“1-'- for this 
. . , ' ° subsequent presentations will show a single trace 

whtch represents an average oí the two 

pepeen,in ,he measu"mM*a - 
the wake th tream P‘*»‘ Pressure. In ,he ¡„viscid portions of 

, .h« :'; ;;::::::::1: err¡:Mach—-ab- * - pe^, 

- error is ,'J‘Z ^ ^ ^ ~ ** ^• 
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No Reynolds number correction was applied to the data. For the 

lowest free stream Reynolds number tested, the correction would not be 

more than about 1 percent anywhere in the supersonic portion of the flow 

Near the wake stagnation point, the local Reynolds number (based on 

probe diameter) can be of order unity for the present test conditions. 

Reynolds number corrections would be large in this region. 

3.4 Wake Symmetry 

At zero angle oí attack, the horizontal and vertical pitot 

profiles should be symmetrical about the cone axis Fig. 10 shows 

horizontal and vertical traverses at x/d = .75 and x/d = 4.5, with one 

half of each traverse transposed about the axis to facilitate comparison. 

In general the agreement is good. The results at x/d = 4. 5 suggest that 

the wake centerline is displaced slightly from the cone axis in the verti¬ 

cal plane. In addition there is some asymmetry in the viscous portion 

of the wake. These results are typical. 

The horizontal and vertical profiles should also be indistinguish- 

aole from each other when the cone is aligned with the flow. Fig. 11 

shows Mie superposition of typical horizontal and vertical profiles at 

two downstream locations. The agreement is again good but becomes 

progressively poorer in the outer portions of the wake as the distance 

from the cone increases. Most of the differences can be explained by 

non-uniformities present in the empty jet, and by the fact that the wake 

is affected in the horizontal plane by disturbances which propagate in 

from the edge of the jet. Thus at x/d = 4. 5, the bow shock reflection 

(which becomes an expansion) and also the reflection of the cone base 

expansion (which becomes a compression) are noticeable in the horizon¬ 

tal profiles. In the vertical plane, the jet dimension is larger, and such 

reflections always occur downstream of the region of interest. 

3.5 The Near Wake at Zero Angle of Attack 

Pitot pressure measurements provide a convenient means 

of determining the geometry of the near wake. Fig. 12 presents a near 

wake map at a Reynolds number of Re^ = 40,600. The pitot pressure 

data from which the map was constructed is shown in Fig. 13. Several 

features may be mentioned. 
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The strong corner expansion at the base of the cone is followed 

by a shock - the lip shock. The origin and strength of the lip shock has 

been the subject of recent investigation (H). This shock is clearly evi¬ 

dent in Fig . 13 although it is a very weak disturbance. From a know¬ 

ledge of the Mach number ahead of the lip shock and the pitot pressure 

gain across it, the stagnation pressure loss can be shown to be much 

less than 1 percent. The lip shock appears to originate in the free 

shear layer downstream of the base, since it is not present at the sta¬ 

tion closes to the cone (a distance less than a boundary layer thickness 

downs! ream). 

In the recirculation region at the base of the cone, the pitot probe 

is not aligned (even approximately) with the local flow direction. Pitot 

pressure measurements m this region do not have much significance 

except as a rough indication of the extent of the recirculation region 

which appears as a region of relatively constant pitot pressure. Using 

this criterion, pitot measurements indicate the rear stagnation point 

to be about 3 \/l diameters downstream. At higher Mach numbers and 

lower wall temperatures, many investigators have placed the rear stag¬ 

nation point about one diameter downstream. This indicates a strong Mach 

number influence on the length of the recirculation region as, perhaps, 

one might expect. The outer inviscid flow near the rear stagnation point 

returns smoothly to the free stream direction without the formation of a 

wake shock -- although such a shock must eventually appear as a result 

of the confluence of compression waves. 

At the highest Reynolds number tested (Re , = 1S6.900) the 
ood ’ 

wake geometry is qualitatively similar, hut an examination of the data 

reveals several Reynolds number effects. Fig. 14 is a plot of mini¬ 

mum wake width (determined from pitot measurements and hot wire 

fluctuation measurements) versus Reynolds number. A line represent¬ 

ing laminar dependence, -jM- oc—1. is shown. As expected from 

J Re 
ood 

previous discussion ot wake transition, the wake deviates from laminar 
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behavior at the two highest Reynolds numbers. This deviation is perhaps 

most strikingly illustrated by the difference in pitot pressure along the 

wake axis. Fig. 15 gives the normalized pitot pressure along the wake 

axis as a function of axial position for several Reynolds numbers. At 

the two highest Reynolds numbers, where the wake is no longer laminar, 

the pitot pressure rises very rapidly. Judging from the pressure rise, 

the rear stagnation point appears to about 3 diameters downstream. For 

the laminar flow at Re , = 40,600, the pitot pressure rise is four or 

five times smaller at 5 l/Z diameters from the cone base. The rear 

stagnation point is difficult to estimate, but a position about 3 l/¿ to 4 

diameters downstream is consistent with observation of the pitot profiles. 

The pressures recorded with the probe within the recirculation region 

are very inaccurate, but they can be taken as an indication of the base 

pressure. The trend of higher pressure in the recirculation region at 

lower Reynolds numbers is consistent with the increased recirculation 

region length. 

3.6 The Near Wake at Angle of Attack 

If the cone was angulated even slightly, an interesting 

effect appeared downstream. Fig. 16 shows a horizontal pitot pressure 

traverse taken in the viscous portion of the laminar wake six diameters 

downstream at an angle of attack of just - .4 degree (the cone was pitched 

nose down). In the horizontal plane, two off-axis minima appear in the 

profile. The vertical profile still has a single minimum. This seems to 

indicate that the wake is bifurcated in the horizontal plane as a result of 

cone angulation. Of course, one might anticipate such behavior eventually, 

but it is a little surprising that such a small angle of attack would produce 

a wake which was bifurcated. (Since the error in cone angle ol attack 

could be as much as ±. ¿ degree, the procedure for determining zero angle 

ot attack was first to align the cone with the nozzle axis as accurately as 

possible, and then, to angulate the cone slightly while running until a wake 

without bifurcation was produced.) 

It may be noticed that the pressure probe lies in the vertical plane. 

To examine the possibility that bifurcation was caused by the probe itself, 

10 



and not by slight cone inclmaUon, the probe was inserted into the wake 

from the side -- that is, in the horizontal plane instead ol the vertical 

plane. The results oi this investigation are shown in Fig. 17. The 

Pitot pressure profiles for the two cases are not completely repeatable 

(due to the difficulty of setting an arbitrarily small angle ol attack), but 

the conclusion is unmistakable. The pressure probe does not cause 
bifurcation. 

When the cone angle of attack was increased to about - 1 1/¿ 

degrees, the bifurcation increased. Figure 18 shows horizontal and 

vertical pitot profiles recorded at various distances do^ stream ol the 

cone base. (The vertical profiles were recorded in the vertical plane 

through the wake centerline; while the horizontal profiles were recorded 

at a vertical position half way between the top and bottom ol the viscous 

wake. The position of the center of the cone base is indicated by 

Y = * = 0.) Horizontal profiles, which should be well upstream of the rear 

stagnation point, e.g. , x/d = 2.5, also exhibit two minima. This suggests 

that the recirculation region is also bifurcated. To see how such an effect 

might arise, it is helpful to examine the streamlines over a cone at a small 

angle oí attack. A qualitative picture is presented in Fig. 19. Both the 

inviscid streamlines and the streamlines (in the boundary layer) nearest 

the surface are shown for the cone at a negative angle of attack. The 

circumferential velocity, from top to bottom, which exists near the cone 

surface must also exist in the flow downstream of the base. The most 

reasonable structure for the recirculation region is one composed of two 

cells with two separate rear stagnation points. Fig. 20 shows such a 

bifurcated recirculation region schematically, although the swirl has been 

exaggerated. This picture can be contrasted to the purely axisymmetric 

recirculation region also shown. 

Figs. 21 and 22 give horizontal and verttcal pitot pressure traverses 

at cone inclination, of -3. and -4 1/2 degrees, respectively. 

Next to biturcation the most striking feature (in Figs. 18 21 22) 

.S the asymmet ■, in the vertical plane. There is a region o, very high 

shear at the top of the viscous wake which does not seem to diminish in 

1 1 



intensity with increasing downstream distance. On the bottom, or leeward 

side of the wake, the viscous region is much thicker. This behavior can 

be explained qualitatively by returning again to the boundary layer flow on 

the cone. 

Moore (9) has shown analytically that the effect of angle oí attack is 

to thin the boundary layer on the windward side, and thicken the boundary 

layer on the leeward side. This is physically reasonable since there is a 

flow within the boundary layer from windward to leeward. It is not surpris¬ 

ing (but comforting) that this effect appears also in the wake. 

Generally, inclination appears to produce stronger radial gradients 

in the inviscid portions of the flow bordering the viscous wake. The lip 

shock also becomes more pronounced in the vertical plane, although on 

the leeward side, it forms much farther downstream. 

Between 4 1/2 degrees and about 5 1/2 degrees angle of attack, 

another interesting effect occurs. This can be illustrated by the horizontal 

and vertical traverses shown in Fig. 23. The horizontal profile now has 

four minima instead of two, and the vertical profile is very complicated 

also. This structure is believed to be caused by the separation of two 

vortices from the leeward surface of the cone, Fig. 24. The two vor¬ 

tices apparently lie close enough to the wake to produce a significant 

interaction . 

The cone angle ot attack at which these vortices are first shed is 

consistent with calculations by Moore (10) . He predicts, for a Mach 

number of about four, that the vortices will first form at an angle of 

attack which is about 80 percent of the cone semi-vertex angle. In our 

case this number is about 5.6 degrees. 

Such a sketchy description of the effects of angle of a tack leaves 

much to be desired. What is really wanted, of course, is a quantitative 

determination of wake properties at angle of attack. This would require 

the measurement of additional fluid properties (a future objective), but 

several rough comparisons can be made using the present data. Fig. 25 

presents the minimum pitot pressure as a function of downstream position 

lor several angles ot attack. Pitot pressure errors are large in this region, 
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I»ut at the tarthest downstream pos.tion the data seems to he "sorting out" 

Wit, Pilot pressure increasing more rapidly at the larger angle oí attack. 

r f ° t", l° 5ay that a,'8leS OÍ aUaCk ^ ‘A degrees have little 
e ec, on the length of the recirculation region. Fig. 26 glv,es a p]ot of 

e Pitot pressure "jump" at the wake axis as a function of angle of 

. downstream positions. The purpose of this figure is 

0 indicate, roughly, the sensitivity of wake bifurcation ,0 angle of attack 

Looking a, the slopes, „ can he sa,d that wake bifurcation Is a, least as ' 

sensitive ,0 angle of aftack af very small angles as ,, is a, larger ang.es, 

and perhaps more sensitive. 

Three independen, measurements are needed ,0 determine flow pro- 

:r ::1::1- r “port- * - -- - * - u.- 
to assume constancy o, stagnation temperature and pressure since 

e Up shock is negligibly weak, and the wake shock has not yet formed 

Thus outside the viscous portions of the wake, the pftot pressure is suf^ 

.■cent determine flow properties w„h reasonable accuracy. To obtain 

::: eSt,,mate °f the effeC,S oi ^ could also be assume d 
t the stagnatton temperature is constan, everywhere, and that the 

atuie TT lb U,UÍOrm aCr0SS the viscous wake and equal to its value 
at the wake edge . 

.,. ,h Fl*are ¿1 presents «“»i Pi-operttes, which have been calculated 

wt h the above assumptions, a, x/d = 4. 5 for aero cone ang.e o, attack 

and ior an angle ol attack oi - 1 1/2 deerees Th« 
a, f ii/^a-grees. The results indicate that 
the temperature Held is most strongly affecter) h„ « 

g y alIected by cone angulation, with 
difierences amountt' *,■, ahr,,,f ?c 

- 1 J ahout 25 percent near the cone axis. Note 

mrmum temp"a,ure is - •»—-io„.. 
a leas, at th.s loca,ton. Mach number dtfferences are about d5 percent also 
while diilerences in velocity are less. Percent also, 

3. 7 Summary 

It has been demonstrated that a magnetic support system can 

to Oita,„ reliable data behind suspended models. The measured 
Pi o, pressure in the laminar, viscous wake increases very slowly with 

owns,ream dtstance. which indicates tha, a significant momentum defect 

13 



and a high temperature will probably persist far downstream. This situa¬ 

tion is contrasted to the blunt body case, in which the favorable pressure 

gradient created by the strong bow shock produces additional accelerations 

along the wake axis which rapidly eliminate defects in the viscous wake. 

The laminar wake is very sensitive to small cone inclinations. The 

wake bifurcates at any angle of attack different from zero. Flow properties 

in the near wake are noticeably aftected by cone angulations as small as 

.4 degree. It is impossible at this time to make a critical assement 

of the importance of wake bifurcation, but further investigation seems 

warranted. Differences in wake properties produced by bifurcation could 

be even more exaggerated if the transition location is significantly affected. 

Thus for slender bodies subject to small angles of attack, it may not be 

adequate to use an axisymmetric theory to predict wake properties. If 

this is true, the hope of determining wake properties analytically is 

remot e indeed . 
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Figure 2. Schematic of the magnetic suspension system 
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Figure 3. Time history of horizontal translation during 
wind tunnel run 
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Figure 4. Cross section of cone model 



O 1/2" 

Fig- 5. Pitot pressure probe (upper) and hot wire 
probe (lower). 



Figure 6. Schematic of test section and probe drive 

downstream POSITION 
d 

Figure 7. Centerline mean square voltage fluctuation 
versus downstream position 



Fig. 8. Oscilloscope traces of mean hot wire voltace 
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Figure 9. Typical wake traverse 
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Vertical Mirror Image 

-Horizontal Traverse 
Horizontal Mirror Image 

Figure 10. Horizontal and vertical traverses 
with their mirror images 

compared 



Vertical Traverse 

Horizonte Traverse 

Comparison of horizontal and vertical 
traverses 

Figure 11. 





V
er

ti
ca

l 
T

ra
v
er

se
 

ig
u

re
 

1
3

. 
P

it
o
t 

p
re

s
s
u
re

 
p

ro
fi

le
s
 
a
t 

z
e
ro

 a
n

g
le
 
o
f 

a
tt

a
c
k

 



C
E

N
T

E
R
 L

IN
E
 P

IT
O

T
 

P
R

E
S

S
U

R
E

 

Figure 14. Minimum wake width versus Reynolds 
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Figure 15. Axial pitot pressure variation 
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Figure 16. Horizontal pitot pressure traverse at 
small angle of attack 

-Probe in Horizontal Plane 
-- probe in vertical Plane 

Figure 17. Comparison of pitot pressure profiles measured 
with horizontally and vertically mounted probes 
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INVISCID STRIAMUNES r 

Figure 19. Streamlines over a cone at angle of 
attack 

Figure 20. Structure of the recirculation region at 
small angle of attack 
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Horizonte! Traverse Re^d *40,600 

Vertical Traverse 

Figure 22. Pitot pressure profiles at -4 1/2 degrees 
angle of attack 



Figure 23. Pitot pressure profiles at -5 
of attack l/Z degrees angle 

Figure 24. Structure of wake flow at -5 1/2 degrees angle 



Figure 25. Minimum pitot pressure versus downstream 
position showing effect of angle of attack 

Figure 26. Pitot pressure "jump" versus angle 
of attack 
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analyse experimentale du proche 
SILLAGE D'UN CORPS ELANCE 

LIBRE DE TOUT SUPPORT LATERAL 

par 

M.Sirieix et J.Delery 

ONERA, France 



RESUME 

Pour procéder en soufflerie b. l'analyse expérimentale détaillée du 
proche sillage, il faut éliminer autant que possible les interactions 
parasites provoquées par les supports traditionnels: dard aval, mât 
latéral, suspension par fils. 

^ Dans la première partie de cette communication sont décrites 
brièvement et discutées les méthodes développées a cet effet par 1'ONERA. 

Un support amont profilé traversant le col de la tuyère a d'abord 
été utilisé pour étudier le sillage en régime turbulent pleinement établi 
et en écoulement uniforme. 

Bien que ce dispositif ait fourni des résultats déjà très intéressant 
il ne permet pas de restituer correctement l'état de l’écoulement autour 
d un projectile réel dans le plan du culot (épaisseur et nature laminaire 
ou turbulence de la couche limite, gradient de pression et d'entropie de 
1'écoulement extérieur). 

Pour éviter cet inconvénient et compléter les informations obtenues, 
une suspension magnétique de la maquette comportant un dispositif de 
télémesuré a été mise en oeuvre, à un nombre de Mach de 5 et pour une 
plage etendue de nombre de Reynolds. 

les résultats qui sont ensuite présentés comprennent essentiellement: 

- Une analyse, en fonction du nombre de Reynolds, pour différentes 
configurations d avant-corps, des pressions et dans certains cas 
des flux au culot de la maquette, 

un examen détaillé de la structure de l'eau morte, comportant 
notamment l'étude des profils de vitesse dans la zone de recom¬ 
pression et dans le proche sillage, 

une etude préliminaire de l'évolution de la transition dans le 
sillage d’un corps élancé de grand allongement. 

Cette étude du proche sillage prolonge les études antérieures de 
1 ONERA concernant les conditions de recollement d'un jet supersoniques. 
Les développements théoriques permettant d'assurer le raccrod entre les' 
diverses zones d'écoulement sont en cours d'élaboration et on espère 
pouvoir présenter quelques résultats intéressants en Mai 1967. 



SUMMARY 

In order to perform a detailed experimental wind-tunnel analysis of 
the near wake, it is necessary to eliminate as much as possible the 
parasitic interactions induced by traditional mountings: downstream sting 
lateral strut, wire suspension. & 

e first part of this paper briefly describes and discusses 
methods developed by ONERA for this purpose. 

An upstream aerodynamically shaped holder passing through the 
throat has first been used to investigate the wake in'a completely 
established turbulent state and in a uniform flow. 

nozzle 

_ Although this device has already provided very interesting results 
it is not capable of accurately reproducing the state of the flow around 
a true missile in the body-base plane (thickness and laminar or turbulent 
nature of the boundary layer, pressure and entropy gradient of the external 

In order to avoid this drawback and to complete the data obtained 
a magnetic model mounting with a telemetry device has been used at Mach b 
and for a wide range of Reynolds numbers. 

The results which are then presented primarily include: 

an analysis, with reference to the Reynolds number, for various 
forward body configurations of the pressures, and in certain cases 
of the flows at the model base, 

a detailed investigation of the dead water structure, including, 
in particular, a speed profile study in the recompression zone and 
the near wake, 

a preliminary study of transition development within the wake of a 
high aspect ratio slender body. 

i ^^investigation of the near wake continues previous ONERA studies 
dealing with reattachment conditions for a supersonic jet. Theoretical 
developments permitting to achieve the junction of the various flow areas 
m progress and some interesting results are expected for May 1967. 



NOTATIONS UTIT.Tsras 

Æwbolea - 

/7-5 * pression statique 

ï pression génératrice 

J pression Pitot 

température absolue 

composante longitudinale de la vitesse 

nombre de Mach 

nombre de Reynolds 

! nombre de Prandtl 

S t épaisseur de la couche limite 

à . épaisseur de quantité de mouvement 

w, J i PKMétr.. d. fo™, incoapreasibles (définis dans le tente) 

^ : a-= ül en “oat du point de recollement 

Ve en ava^ Point de recollement 

t ; coefficient de viscosité turbulente apparente 

x î coordonnées suivant l'aie du sillage 

XZ : coordonnées orthogonales à l'aie du sillage 

^ ! ordonnée pour laquelle U^.lL _ Q 5 

D : diamètre du culot 

Í) : largeur du sillage 

€ i fluctuation de tension aux bornes du fil chaud 

ût î proportionnel à e'* 

N : fréquence d. l-oscillation haconique osculatrice à ia couche 

d1autocorrélation 

R : coefficiert d'autocorrélation 

f¿ 

VL 

M 

& 

& 



Indices - 

e : caractérise les conditions à la frontière du sillage 

o : caractérise les conditions sur l'axe du sillage 

¿ : caractérise les conditions génératrices 

oo : caractérise les conditions dans l'écoulement amont isentropique 

1 : caractérise les conditions dans l'eau-morte 

f : caractérise les conditions à la paroi de la mquette 

j : caractérise les conditions sur la ligne de jet 

« : caractérise les conditions au point de recollement. 



1 - INTRODUCTION - 

L'étude expérimentale du proche sillage d’un corps de révolution, en 

écoulement supersonique ou hypersonique, constitue le prolongement 

naturel des recherches effectuées depuis de nombreuses années à 

l'O.N.E.fi.A. sur les conditions de recollement d’un jet et sur les 

problèmes de mélange. 

L'expérience acquise dans ces domaines [ï - 2 - 3 - 4] et l'emploi de 

techniques expérimentales d'avant garde, en particulier l'utilisation 

de la suspension magnétique des maquettes [5-6-7] ont contribué à 

assurer des conditions d'essais exemptes autant que possible 

d’interactions parasites. 

Dans cet exposé, on passera d'abord en revue et on discutera les montais 

utilisés ï les premiers résultats expérimentaux actuellement disponibles 

seront ensuite présentés. 

Ils se réduisent pour l'instant à une analyse expérimentale détaillée de 

la structure du proche sillage dans deux cas typiques, étape qui nous a 

paru indispensable avant toute tentative d'exploitation théorique. 

Le premier cas concerne l'écoulement de culot, en régime turbulent 

établi, qui se développe en aval d'un arrière-corps cylindrique pi«»A 

dans un écoulement supersonique uniforme, parallèle à son axe. 

le second cas est relatif à l'écoulement en aval d'un obstacle émoussé 

et élancé, en régime laminaire ; l'étude correspondante a été effectuée 

à M = 5 sur une maquette du type HB1 [8] maintenue à l'incidence nul T • 

par suspension magnétique. 

Dans la dernière partie de cette communication est abordé le problème 

de la transition laminaire turbulent et de sa détection expérimentale. 

Ims principaux résultats d'une étude au fil chaud de la transition 

dans le sillage d'un cylindre normal à un écoulement supersonique, 
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effectuée avec le concours de l'O.N.E.R.A. par l'Institut de Mécanique 

Statistique de la Turbulence (l.M.S.T.j [9 - 10], seront brièvement 

commencés. 

2 - jSNIAGE D'ESSAIS ET TECHNIQUE EXíERIMENTaLE - 

2.1 - Généralités - 

Jusqu à ces dernières années» l'attention des expérimentateurs avait 

été surtout attirée, par la nécessité de minimiser les effets de 

support, en vue d'obtenir une détermination précise de la résistance 

de culot, lorsque celle-ci intervient pour une part importante dans 

la résistance globale. 

Des études critiques nombreuses, consacrées à ce sujet [il - 12 - IJ], 

il ressort en effet que les modes de fixation faisant intervenir des 

ösÄts latéraux ou des fils, entraînent des perturbations sensibles de 

la pression de culot, provenant notamment d'un déclenchement prématuré 

et dissymétrique de la transition. 

Lorsque le but des expériences consiste à effectuer une analyse 

détaillée du proche sillage, une attention encore plus marquée doit 

être portée aux conditions d'essais. 

Dans ce cas, l'extrôme sensibilité que présente le développement 

transversal du sillage à des variations de pression relativement 

modérées inégalement réparties sur la périphérie, conduit à des 

exigences très sévères, tant sur le mode de support à utiliser, que 

sur l'unifonnité de l'écoulement dans la veine d'essai. 

A titre d'exemple, est représentée figure 1, l'exploration des 

pressions d'arrêt effectuée à une distance du culot égale à environ 

3 diamètres dans le sillage turbulent d'un arrière-corps cylindrique 

de révolution. Im modèle est placé dans un écoulement quasi uniforme 

de nombre de Mach moyen égal à 4. 
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C«tte figure met en évidence une distorsion importante de l'écoulement 

au voisinage de l’axe, distorsion qui s’atténue d’ailleurs très 

sensiblement à la périphérie du sillage, et réapparaît ensuite dans 

l'écoulement extérieur non visqueux montrant ainsi l'existence au sein 

de cet écoulement de légères dissymétries. 

Un sondage très soigné de l'écoulement dans le plan du culot a permis 

de voir que ces dissymétries correspondraient à une variation A M 

du nombre de Mach local tel que : A M ^ + 0,06, tandis que les 

variations de l'épaisseur de quantité de mouvement ^ * de la couche 

limite à la périphérie du culot n'excédaient pas : 

< ±0,05 

Dans ces conditions, il est apparu nécessaire d'observer h aria ies 

montages expérimentaux utilisés, les prescriptions suivantes : 

a) éviter toute dissymétrie d'écoulement imposée par un support 

matériel non axial, 

b) dans le cas où la couche limite en amont du culot est turbulente, 

régulariser son développement par un déclanchement artificiel 

convenablement localisé, 

c) utiliser autant que possible la suspension magnétique des maquettes 

émoussées pour lesquelles notamment un support axial amont modifie 

profondément les caractéristiques de l'écoulement non visqueux du 

fait de l'interaction importante qui s'établit entre l'onde de choc 

de tête et la couche limite du support. 

le choix des montages qui ont été utilisés dans notre étude s'inspire 

c'e ces conditions. 
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2,2 “ ÎSâ^m d,étUde dtfirriferft-rorpa cvlindrion^,, avec couch«, 
turbulenta - 

Cea études ont été effectuées aun noubres de Mach de 1,92 et 4, 

respectivement obtenue avec les montage représentés fig. 2 a et 2 b. 

Le premier (iig. 2 a) équipe une soufflerie continue du type Eiffel 

alimentée en air sec à la pression atmosphérique i l'arrière-corps 

cylindrique est supporté par un dard également cylindrique traversant 

d'amont vers l'aval le col d'une tuyère planei le nombre de Each 

d'essai étant faible, E = ,,92 et le diamètre du dart modéré devant 

les dimensions de la veine (B = 32 mm), les modifications 

à l'écoulement non visqueux par la présence du dart n'altèrent pea 

sensiblement son uniformité (AM < + 0,0l). 

Pour éliminer les petites perturbations résiduelles du sillage, les 

grandeurs retenues (p, p^) ont été prises en valeur moyenne à 

partir des mesures effectuées sur un mâme parallèle au moyen d'un 

explorateur, opérant en coordonnées semi-polaires (X^ 0 ) et dont 

1 axe longitudinal X coïncide avec celui du montage. 

La pression génératrice de l'écoulement étant voisine de 1 bar, la 

transition a été déclenchée sur le dard axial au moyen de rugosités 

disposées de part et d'autre du col conduisant à une épaisseur 

relative ce la couche limite turbulente au droit du culot 0,012. 

L'étendue du domaine d'étude du sillage est limitée par la réflexion 

sur la paroi de la tuyère de la détente au droit du culot (2 a). 

Dans le second montage, fig. 2 b, l'arrière-corps cylindrique est 

disposé à l'extrémité d'une tuyère de révolution à corps central, 

calculée par la i.othode des caractéristiques et corrigée des effete 

ue couche limite de façon à produire un écoulement uniforme de noÉbim 

de Mach égal à 4, à partir d'une distance égale à environ 2 £ en emnt 
du culot cylindrique. 



Il n'a paa été nécessaire d'effectuer un déclenchement artificiel de 

la transition, la pression génératrice étant élevée (20 bars).celJe<i 

se produit naturellement au voisinage immédiat du col de la tuyère et 

la couche limite turbulente atteint une épaisseur relative^ = 0,00/ 

au droit du culot. Les essais correspondants ont été effectués à la 

soufflerie RI de CHALAIS-MELDON, à rafale longue (30 s). 

2.3- ¿3a?pyigion magnétique des maquette« - 

2.3.1 - L'O.N.E.R.A. a développé depuis 1961 un dispositif de suspension 

magnétique des maquettes dont le principe et les différentes 

étapes de réalisation ont fait l'objet de publications détaillées 

[5-6-7]. L'aboutissement de ces recherches fut la création 

d'une installation opérationnelle mise en service dès 1962 dans 

la soufflerie S2 de CHALÄIS-MEUDON, permettant de maintenir à 

l'incidence nulle des maquettes pesant entre 4 et 6 kg, dans une 

veine de révolution de 30 cm de diamètre, h dec nombré de J 

compris entre 5 et 7, pour lesquels les efforts de résistance 

aérodynamique peuvent atteindre 10 kg. 

2.3.2 - Comme le montre la photographie de la planche 3, la solution 

retenue est une suspension en V, comportant 4 bobines 

d'électro-aimant assurant à la fois la compensation de la pesanteur 

et la stabilisation latérale, auxquelles s'ajoute une bobine 

concentrique à la veine destinée à contenir les efforts 

aérodynamiques de résistance longitudinale. 5 faisceaux lumineux 

permettent de détecter la position de la maquette. 

Cette suspension a été complétée par un dispositif mécanique 

tri pode, destiné au maintien de la maquette en position, pendant 

les phases d'amorçage et de désamorçage de la tuyère au cours 

desquelles les efforts aérodynamiques peuvent atteindre des valeurs 

très supérieures à ceUes qui sont prévues en régime pennanent. 
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Le dispositif s'éclipse pendant la phase d'essai ; sur ]a photographie 

de la fig. 3, il est représenté en position rétractée. 

2.3.3 - La maquette expérimentée est une variante allongée de la version 

étalon HB1, dont les caractéristiques et dimensions principales sont 
données sur la figure 3. 

Cette maquette comporte notamment un dispositif de télémesure de 

la pression de culot, celle-ci étant détectée par un capteur à self. 

2*3«4 - Conditions d'essais - 

2.3.4.1. - Les essais ont été effectués dans la soufflerie à rafale longue 

H2 à un nombre de Mach de 5, uniforme à + 0,02 près, et pour us 

gamme de pressions génératrices comprises entre 2 et 10 bars 

(la suspension magnétique actuelle ne permet pas d'assurer la 

tenue du modèle pour Pi> 10 bars). La température génératrice 

sensiblement constante au cours des différentes rafales est 

comprise entre 530 et 570°K. 

La température de maquette, légèrement variable au cours des 

différentes rafales oscille entre 290° et 310°K, ce qui correspond 

à une valeur moyenne de rapport "^Â/î^légèrement supérieure à ft 5. 

Les profils de pression et de température ont été obtenus par 

différents sondages effectués dans le plan vertical de symétrie. 

L'incidence et le dérapage de la maquette ont été maintenus à une 

valeur sensiblement nulle, l'écart maximal étant inférieur à 0,1°. 

Des photographies prises au cours des rafales, ont permis de 

vérifier que la position géométrique de la maquette, était 

invariante pendant la durée de la rafale, la stabilisation par 

suspension uagnétique» s’effectuant sans mouvements résiduels 

appréciables. 

I 

I 
üliR 

....* ........ 
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5 - mOCHE SIZMOB TORBULENT P'UN ARRIERE-GüRPS cylxmdrkíue PUCE EM 

S«Mj;NT UKI^fi^ - 

3.1 - Les expériences correspondantesjeffectuées à Mq = 1,92 et 4 dans le 

cas d’écoulements adiabatiques comprennent : 

a) une exploration détaillée de la détente initiale de la couche limite, 

b) une détermination précise des caractéristiques locales de l'écoulenmt 

suivant l'axe du sillage, 

c) une étude des profils de vitesse dans le domaine de recompression^ de 

part et d'autre du point de recollement, limitée à l'heure actuelle 

au seul cas Mo = 1,92. 

Ces résultats bien qu'insuffisants pour fournir les éléments d'une 

exploitation détaillée, permettent toutefois de présenter quelques 

remarques de caractère général sur la structure de l'écoulement de 

culot. 

3.2 - Etude de la détant« ^¡¡.tiale de la couche limite de l'arrière-corps - 

Ce problème a été abordé dans une publication antérieure [l] où était 

proposée une méthode de calcul simplifiée du profil des vitesses de la 

couche limite détendue. 

Cette méthode comporte en particulier l'hypothèse que les forces de 

viscosité peuvent être négligées devant les forces d'inertie au cours 

d'un processus de détente rapide ; l'écoulement de couche limite est 

alors assimilé à un écoulement rotationnel de fluide parfait. 

Par une voie différente, ce point de vue a été récemment repris par 

WEINBAUM [l4 - 15] qui propose d'utiliser une technique rigoureuse de 

calcul d'écoulement supersonique rotationnel et non visqueux (méthode 

des caractéristiques). 



« 

Ce procédé est spécialement bien adapté lorsque la couche limite en 

amont du décollement est turbulente et l'écoulement extérieur 

supersonique élevé. La partie subsonique de la couche limite 

représente alors une très faible fraction de sa hauteur totale S 

et peut Stre négligée. 

Par ailleurs, un tel calcul montre, que dans certains cas où la 

détente initiale est importante, il se produit une focalisation des 

caractéristiques réfléchies par la frontière isobare du jet, ce qui 

permet d'expliquer l'existence du "lip shock" observé par de nombreux 

expérimentateurs. 

Poux vérifier le bien fondé de ces hypothèses, une comparaison entre 

la théorie proposée par WEINBAUM et 1 ' expérience est présentée fig. 4 

et 5. 

Dans le cas du nombre de Mach amont le plus faible (fig. 4, Mo0= 1,92) 

aucune focalisation n'est observée et un accord excellent entre les 

explorations de pression d'arrêt expérimentales et le calcul est 

enregistré. 

Au nombre de Mach le plus élevé (fig. 5, Mo,, = 4) une focalisation 

apparaît qui engendre an choc de faible intensité. 

L'expérience confirme la présence de ce choc et vérifie parfaitement 

la méthode de calcul de WEINBAUM. 

L'expérience montre également comment s'établit en fait le processus 

de mélange turbulent entre l'eau-morte et l'écoulement rotationnel 

provenant de la détente de la couche limite. 
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3.3 - Caxactéristi-juea de l»écoulement sur l'axe du sillage - 

lies figures 6 et 7 donnent l'évolution de la pression statique, de la 

pression d'arrêt et du nombre de Mach, suivant l'axe du sillage, tandis 

que la figure 8 présente un regroupement et une comparaison de ces 

résultats. 

On remarquera spécialement les points suivants : 

- contrairement à ce qui est observé en écoulement plan, la pression 

statique atteint^ en fin de recompression, une valeur maximale 

supérieure à celle de l'écoulement uniforme en amont du culot. En 

effet, par suite de la courbure que présente en écoulement de 

révolution la frontière sensiblement isobare du décollement, le 

retour à une direction de la vitesse parallèle à l'axe conduit à une 

déviation supérieure à celle que subit l'écoulement lors du décollement, 

- la vitesse de recirculation sur l'axe est importante, et augmente avec 

le nombre de Mach ; elle atteint environ 205¾ de la vitesse extérieure 

à Mjj,* 1f92 et près de 355¾ pour Mçp= 4. Dans ce cas, le nombre de 

Mach local maximum dans le courant de retour est de l'ordre de 0,8, 

- la position relative du point de recollement évolue d'une façon 

notable lorsque passe de 1,92 à 4 ; toutefois les effets de couche 

limite initiale n'étant pas identiques dans les 2 cas, cette variation 

n'est pas significative. 

La distance de recollement Xg, représente une longueur caractéristique 

du phénomène, ainsi que le montre la courbe de corrélation des pressions 

fig. 8. 

La représentation adoptée permet de regrouper jusqu'au point de 

recollement, les répartitions de pressions obtenues pour les 2 nombres 

de Mach expérimentés. 

Cette tentative de normalisation est analogue dans son principe à celle 

qui a été proposée réf. [2] et [3], à l'occasion d'études du recollement. 
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3.4 - Exploration détaillée du proche sillage (%>-- 1,92) - 

Les résultats de mesure (pressions statiques et d'arrêt) sont présentés 

fig. 9, tandis que les profils de vitesse sont donnés sous forme 

conventionnelle ^ = » fig. 10 et en variables réduite* 

1l0 représente ici la vitesse axiale, ^ est l'ordonnée pour laquelle 

f = 0,5. 

Cette dernière représentation, met notamment en évidence, l'existence 

d'une forme asymptotique du profil des vitesses dans le sillage, qui 

est très rapidement atteinte, en aval du point de recollement. 

La comparaison effectuée fig. 12 a avec une prévision théorique 

proposée en écoulement plan turbulent incompressible par GINESHI [l6] 

conduit aux remarques suivantes, qui généralisent les conclusions de 

l'auteur : 

- l'effet de compressibilité ne paraît pas modifier sensiblement la 

forme du profil des vitesses, pratiquement identique en écoulement 

plan et en écoulement de révolution, ce qui a été constaté à de 

nombreuses reprises dans les problèmes de mélange turbulent [4]» 

- le gradient de pression longitudinal affecte peu la forme asymptotique 

du profil des vitesses. 

Ainsi les effets de révolution, de compressibilité et de gradient de 

pression agissent essentiellement, d'une part sur la loi de vitesse 

axiale Ue(x)^d'autre part sur le taux d'expansion du sillage. 

Sur la fig. 12 b est proposée une comparaison entre le profil 

expérimental de recollement turbulent et un calcul théorique effectué 

en écoulement plan dans le cadre des hypothèses suivantes [i?] : 

- similitude des profils de vitesse pour un gradient de pression 

constant 
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- coefficient de viscosité turbulent apparent £ indépendant de T, 

L’excellent accord obtenu demande a être confirmé par d'autre» Multáis 

expérimentaux. 

4 - ETUDE PRELIMINAIRE EM SUSPENSION MAGNETIQUE. LU PROCHE SILLAGE 

lAMUAIRE D’UN CORPS F.MOUSSE À Mqo - 5 - 

4.1 - Les résultats acquis, concernent la maquette HB1 et sont présentés 

fis. 13 à 17. 

Ils comprennent : 

a) l’évolution des caractéristiques de l'écoulement (pression, nombre 

de Mach) sur l'axe du proche sillage (fig. 13)^ 

b) une exploration détaillée des pressions, températures, vitesses à 

différentes distances du plan de culot (fig. 14 et 15)^ 

c) une comparaison avec différents éléments théoriques disponibles 

(fig. 16 et 17). 

~ Caractéristiques de l’écoulement sur l’axe» influence du nombre de 

Remolds (fig. 13) 

Celle-ci se traduit par une évolution assez sensible des niveaux de 

pression relevés dans le proche sillage et conduit à une décroissance 

continue de la pression de culot avec le nombre de Reynolds, calculé 

ici en fonction du diamètre de l’obstacle avec les valeurs de vitesse et 

de viscosité de l’écoulement à la frontière de la couche limite 

immédiatement en amont du culot. 

On observera : 

a) le plateau caractéristique des écoulements de culot laminaires ; 

b) une diminution sensible de l’étendue de ce plateau lorsque le nombre 

de REYNOLDS augmente. 

Cette décroissance est provoquée en premier lieu par une convergence 

plus marquée de l’écoulement vers l’axe, lorsque la pression décroît, 
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mais aussi très vraisemblablement par l'apparition d'une transitam 

dans le domaine de recompression pour la valeur la plus élevée du 

nombre de REYNOLDS ; 

c) l'évolution très rapidement croissante des vitesses IU sur l'aie 

lorsque le nombre de REYNOLDS augmente. 

4,3 " ~J'UCtur? -u Proche ai..j4aKe - Profils de vitesse et de tempérât»™ - 

De xa même façon que pour le cas turbulent, les profils de vitesse 

dans le domaine de recompression du proche sillage sont présentés 

fig. 16 en coordonnées réduites : 

•U*-U- P (X \ 
U P - "Ut '' ) 

On remarquera le regroupement surprenant auquel conduit cette 

représentation pour les valeurs de 0,5 ; par contre 

lorsque % est inférieur à 0,5 les courbes se distinguent et s'étagait 
régulièrement rendant ainsi compte de l'épanouissement progressif du 

sillage lorsque la distance relative £ augmente. A titre de compannacn 

est représenté sur cette figure, le profil théorique asymptotique 

proposé par GOLD [ 18] correspondant au sillage lointain en l'absence 

de gradient de pression. Le calcul de la solution complète de GOLD, 

qui tient compte des conditions initiales et du gradient de pression 

eiteneur, actuellement en cours, n'a pu être présenté dans cette 

communication. 

De la comparaison présentée, il ressort que l'établissement de la forme 

asymptotique du sillage en régime laminaire, nécessite une distance de 

développement beaucoup plus importante que dans le cas turbulent. 

Sur la fig. 16, est également représentée la relation température 

d'arrêt - vitesse obtenue expérimentalement pour les différentes 

explorations effectuées, a titre indicatif, faute de disposer 

actuellement des solutions théoriques de GOLD, est représentée sur ce 



diagrame la relation proposée par CHAPMAN dans le cas du melange 

laminaire isobare. 

Ayant observé que les profils de vitesse du sillage turbulent étaient 

peu affectés par les effets de révolution et de compressibilité, il a 

paru intéressant de vérifier si cette propriété s'étendait également 

aux profils laminaires. Dans ce but, les caractéristiques globales des 

profils de vitesse expérimentaux ont été comparées à celles proposées 

par LEES et REEVES [19] et déduites des solutions incompressibles de 

STEWARTSON. La fig. 17 présente les évolutions théorique et experimentale 

des paramètres de forme incompressibles et J en fonction du 

paramètre a qui, en amont du point de recollement est égal au rapport 

^ ¿Le la vitesse sur la ligne de jet à la vitesse externe, et en 

aval de ce point, à ^ , rapport de la vitesse sur l'axe à la vitesse 

externe. Les paramètres 'fôetj sont définis par les relations 

suivantes : 

Les résultats portés sur la fig. 17 montrent que les effets de 

révolution et de compressibilité ne conduisent pas, mime en laminaire, 

à une modification importante des caractéristiques globales déterminées 

en courant plan dans un cas incompressible. Cette constatation renforce 

l'idée d'une extension au cas de révolution de la méthode proposée par 

LEES et REEVES. 
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5 - OBgERVATIOlí .SIIH IF^i >FTrar 1SXIERIMEMTATJÜ.^ DE 

mimw - wmm ms ™ 

5,1 de.la tran3i*i0n d“3 13 SÍU^ 1“ guette 
atme par auapenaion «tignéUque n'est pas actuellement aaa.. 

avance wur que les Csultats Assent dans eet eZe. 

O'est „1 U a pent intéreseant le fomnir à titre d'exenple 

quelques résultats typiques d'une étude parallèle mPné0 i 
del'ONEBA ¿i.T ^allèle menée avec le concours 

u.fl.b.R.A. a l'Institut de Mécaniaue , 
[gj( [10j# fanique Statistique de la Turbulence 

Iâ but de cette recherche étnîf 
^ • apporter une contribution aux méthode« 

pennen taies de détection par m chaud la traIlsition en ^ 

corps émoussés, en écoulement supersonique. 

r:rrcorresponianto3 ^à «=2(3 et 
iéoir w à -—- 

5.2 - Happel des méthodes de détection classiques : 

est ^tili sée ^par lLS^u(rrÍ0TLPÍe’ “terfé"«é«*) par certains auteurs [20 pour déceler la transition n,H 
manifeste d'une manière transition qui se 

taux d ' exnn , 6 ^ ^ Changement caractéristique du 
ta^ d expansion du sillage, ou encore par l'apparition et la 

-1 xplication de singularités tourbillonnaires que l'on peut figer par 
un temps d'observation très bref. ^ P 

Une seconde méthode, proposée notamment par DEMETRIADES [21J utilise 
1 anémométrie à fil chaud. J,utilise 

n ^ ’ d0“,”mt I'év0luti0” d' l,dcnrt type de la 
fluctuation d. tension aux bonies d'un fil chaud au cours d'un 

déplacement X suivant l'axe du sillage, présente un maximum asses net. 

- 15 - 



DEMETRIADES interprète cette courbe de la manière suivante ; la partie 

croissante correspond à la traversée d'une zone dans laquelle se 

développent des signaux de prétransition, tandis que la partie 

décroissante, indique la dissipation en chaleur de la turbulence 

établie. L'abscisse Xt du maximum est appelée distance de transition. 

5.3 - Méthodes utilisées par l'Institut de Mécanique Statistique de la 

Turbulence : 

5.3» 1 - L'exploration transversale du sillage au moyen d'un anémomètre à 

fil chaud, effectuée à différentes distances de la maquette et pour 

plusieurs valeurs du nombre de Reynolds (fig. 18) met d'abord en 

évidence, que la valeur maximale de l'énergie de fluctuation n'est pas 

nécessairement atteinte sur l'axe, résultat analogue à celui trouvé 

réf. [21]. 

Elle permet en outre de définir avec précision des frontières normalisées 

du sillage de la façon indiquée sur cette figure. 

L'épaisseur b du sillage ainsi définie, dépend peu du nombre de 

Reynolds lorsque l'écoulement es\ laminaire, croît rapidement dans la 

zone de transition et plus lentement lorsque la turbulence est développée. 

Le coude fomé par la courbe * f(ß «indéterminé de façon assez nette 
un nombre de Reynolds de transition. 

Cette méthode est analogue dans son principe à celle qui est utilisée 

réf. [20]. 

5.3«2 - Une analyse détaillée du spectre d'énergie de la tension aléatoire 

e', permet également d'établir une méthode expérimentale de détection de 

la transition, en même temps qu'elle fournit des indications sur le 

mécanisme du développement de la turbulence. 

- 16 - 



Le spectre d'énergie de la tension aléatoire e' coaporte : 

- des signaux non turbulents dont le niveau est élevé «ais dont la 

fréquence atteint au plus quelques kilohertzf 

- des signaux turbulents appartenant aux divers Bodesf dont la 

fréquence peut dépasser 100 kilohertz lorsque la turbulence est 

établie, et dont l’échelle caractéristique !X est du sdne ordre que 

celle qui caractérise la dissipation en chaleur de la turbulence. 

peut ôtre caractérisé par la courbure au s omet des courbes 

d'autocorrélation, ou ce qui revient au mine par la fréquence 

équivalente A/ de l’oscillation harmonique osculatrice à la courbe 

d'autocorrélation. 

Un calcul sinple montre que : 

Cette grandeur peut être obtenue par mesure directe au moyen d’un 

dérivateur de signaux électriques disposé dans le montage expérinsnlal. 

.Z 
Dans les zones laminaires, N est très faible. Lorsque la transition 

apparaît N croît d'abord rapidement puis plus lentement lorsque la 

turbulence est établie. 

Ces propriétés permettent donc de repérer la transition au moyen des 

courbes expérimentales N (fòts) par exemple, ainsi que le montre 

la figure 19. 

” Çoiparaison des divers criteria _ 

La figure 20 récapitule les résultats obtenus au moyen des différentes 

méthodes exposées ci-dessus. 

Le critère de DEMETRIADES détermine des distances de transition plue 

faibles que celles qui sont déduites des méthodes anéaoaétriques 



utilisées à l'I.M.S.T. 

Leur application couparée semble .entrer que le critère de DEMETHUDEf 

permet de déceler un état voicin de la phaee initiale de la transition, 

tandis que ceiu de l'I.M.S.T. indiqueraient une transition presque 

achevée» 

On peut ainsi obtenir un ordre de grandeur de la longueur sur laquelle 

s'opère la transition ; cette longueur est d'autant plus grande que la 

distance à laquelle apparaît la transition est elle-même plus élevée. 

e-omusm- 
Une étude expérimentale du proche sillage a été effectuée à l'O.N.E.R.A. 

en utilisant des moyens d'essai destinés à éliminer, autant que possibly 

toute interaction parasite de support. 

Dans le cas du proche sillage turbulent d'un arrière-corps cylindrique, 

une analyse détaillée de l'écoulement de culot a été effectuée à 

M oo « 1,92 et 4. 

Cette analyse met en évidence les points suivants ; 

- la détente d'une couche limite turbulente et la formation éventuelle 

d'un choc ("Up shock") peuvent être prévues avec une bonne 

approximation en assimilant cette couche limite à un écoulement 

rotationnel de fluide parfait dont on effectue le calcul par la 

méthode des caractéristiques [14 - 15]. 

- la vitesse de recirculation est d'autant plue importante que le noto 

de Mach est plus élevé, 

- ainsi qu'il a été montré dtaa des publications antérieures [2 - 3], 

une correlation des pressions jusqu'au point de recollement peut être 

obtenue par un choix de variables réduites convenables, 

- en aval du point de recollement, les profils de vitesse, présentés 

en variables réduites, tendent rapidement vers une forme asgmptotique 

peu sensible aux effete de révolution, de compressibilité et de 

- 18 - 



gradient de pression et bien représentée par une loi théorique 

incompressible [l6j. 

L'étude du proche sillage laminaire a été effectuée à = 5 sur une 

maquette HB1 tenue par suspension magnétique. 

L'exploration des pressions et températures a été effectuée jusqu'à 

une distance du culot égale à 4 diamètres. 

Les résultats montrent que la longueur d'établissement du sillage dans 

sa forme asymptotique est beaucoup plus importante qu'en écoulement 

turbulent. 

Une comparaison des caractéristiques globales des profils de vitesse 

(paramètres de forme) dans le domaine de recompression avec celles 

proposées par REEVES et I£ES et déduites des solutions incompressibles 

de STEVARTSON, confirnu paiement que l'effet de révolution et la 

compressibilité jouent un rôle peu important. 

L'analyse expérimentale au fil chaud du sillage d'un cylindre normal à 

un écoulement de nombre de Mach égal à 2,3, effectuée à l'Institut de 

Mécanique Statistique de la Turbulence avec la collaboration de 

l'O.N.E.R.A., a permis de développer un nouveau critère expérimental 

de transition basé sur l'évolution de la courbure initiale des courbes 

d'autocorrélation. 

- 19 - 
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Fig. 4 Etude de l'écoulement à l'origine du décollement. Mœ = 1,92 
Detente de la couche limite initiale turbulente” 

a) Réseau des caractéristiques 

b) Confrontation théorie-expérience 
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Fig. 5 
Etude de 1 écoulement h l'origine du décollement M 

Detente de la couche limite initiale turbulent" 
a) Reseau des caractéristiques 
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Fig.6 Evolution de l'écoulement suivant l'axe du proche sillage 
turbulent. = 1,92 
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Evolution des profils de vitesse normalisés dans la zone de 
recompression - Régime turbulent établi M,* = 1,92 
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Fig.13 Evolution de l’écoulement suivant l'axe du proche sillage 
laminaire M,,, = 5 

a) pression totale b) pression statique c) nombre de Mach 
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Fig.18 Détermination du nombre de Reynolds de transition h partir de 
la largeur du sillage 

D = 4 mm X/D = 24,5 Mœ = 2,3 
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Fig. 19 Détermination du nombre de Reynolds de transition a partir de 
mesures d'autocorrélation 

X/D = 24,5 D = 4 mm M* = 2,3 
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SUMMARY 

rW TfhiS fb®tract Presents a Study of the flow field in the near wake 
region of a slender cone in a hypersonic free stream flow Both 

are^ncTuded! the°retical investigations of the overall flow field 

reeion ^ 7 in data in the near wake 
region since most standard types of model support interfere with the 

F^sTe^de" :hoereintthe detaÜed "—‘-re to be carded ou . 
Sues have her8 ,Iear° °f attaCk' Vari°US «Perimental tech- 
were oririnaS n T a Clrcumvent this difficulty. Shock tube studies 
Starting fh perfornied usin^ w^e supports that melt away as the 

alterlüon o°MheaflSeS ^ .fction- 11 was subsequently found that no 
n L h flOW occured lf the wires were allowed to continue 

tiated?nnblowedr ‘’’f'?"81’0"1 the test- This result was also substan- 

supports thus 7wsW thTef teStS USing fine braided wires for ™°del 
experiments ° Sl,PPOrt W3S UtUized in the present 

c J1"6 experimental investigation consists of a study of the flow on 

■' basre d^metr^Hl^: “ SharP 10° halt ^ 

Z* ™ Vo giVe “ indiCation of the na‘ure of the boundary 
y at the separation point under various test conditions. In the near 

w ke region a complete pressure survey was made which includes hasp 

ax7aTlUorcea”onasSrmerS- “d PÍ‘0t Pressu^e^meT^Lio^: 
tu7 profiles enaWed trham f baSe- Meas“red stagnation tempera- 
therefore provTded a has "rP“13110" of a11 daa¡red flow properties and 

e provided a oasis for comparison with the theoretical work. 

at>Dlicat?oh„e 07hretiCfh asna;ySiS °f the near wake régi™ consists of an 
application of the method of rotational characteristics to the expansion 

also beCe0neuse0dUnbyaweisasyeardarwUndhthe Shoulder- This basic aPProach has aiso peen used by Weiss and Wembaum; the basic difference in the method 
and a comparison of the present method with experimental data is piesenfed. 



RESUME 

zonP dP « n auteur‘s/presentent Ufie étude du champ d'écoulement dans la 
zone de sillage située au voisinage immédiat d'un cône fusiforme placé 
dans un écoulement libre hypersonique. Cette étude comprend données 

chLpTécollement itatS ^ reCherches P°- ^ ‘»‘aUté du 

'onmdoiteeÎecU, "‘é05 ™gion de écoule!“ 
Lrmes l i^le d'3tteé„ delaülées' Dans le ca= c6nes fusi- 

rdrr: eétaf,n d,obvie7 7 pour les tubes 
fils métalHuue, , f°U a8' prJcedemment' a “es supports consistant en 

métalliques qui fondent des que l'onde de choc initiale franchit la 
vetne d'essat. Toutefois, on a découvert, par la suite, queTécoÙlèment 
ne subissait pas de modification si on laissait à leur place les fils de 
support pendant toute la durée de l'expérience. Ceci fut également 
confirmé par des essais en souffleries k rafales, o!i les maquettes étaient 

="I^ePar deS 7 treSSfs d'une 6rande finesse; on a donc 
ê cette meth°de au cours des expériences décrites ici. 

». H0„n ^'expérience consiste en une étude de l’écoulement sur la surface 
et dans le sillage proche d'un cône effilé, au demi-angle de 10° et au 
diamètre de base de 8 Douce«, r>n o i -j 6 uC ¿u ei au 
et de transfert He P l , " proced^ ^ des mesures de pression 
sur la nature d ! / ^ SUrfaCe du c®ne pour obte"ir daa d»"nées 
condüionl Pessars C°n r“' a“ P°Ínt de décolla>na"t da"S diverses 
Su c8ne on a effecmé^"3 if 5™ dU S'1Iage Situ* au voisi"a«a immédiat uu cone, on a effectue une étude complète des pressions, consistant en 

mesures des pressions k la base du cône et tracés des profils de pression 

profüsedes ^namiT en dÍVerS POÍntS aXiaUX en aval de la base‘ Les profils des temperatures d'arrêt ont permis de calculer toutes les 
caractéristiques désirées de l'écoulement, fournissant ainsi une ba<=- 
de comparaison avec les résultats théoriques. ~ 

appliquer î^méth t^0f'ique du réë^ d^ sillage proche consiste k 
appliquer la méthode des caractéristiques de rotation a l'élargissement 

e la c°uche limite du cône autour du ressaut. C'est également de cette 
façon que Weiss et Weinbaum ont abordé le problème. ßLes auteurs 
présentent la différence essentielle de la méthode et comparent la 
méthode actuelle aux résultats expérimentaux. 



NOTATION 

D 

h 

k 

M 

Nu 

X 

( ~) 

a 

o 

[X 

CD 

Subscripts 

s 

w 

00 

1 

3 

specific heat at constant pressure 

cone base diameter (8.0 inches) 

enthalpy 

coefficient of thermal conductivity 

Mach number 

Cp (hs - hw) - Nusselt number 

static pressure 

heat transfer rate 

poo Voo D/»œ ' Reyn°lds number 

radial coordinate measured from centerline 

cone surface coordinate 

temperature 

velocity 

coordinate in free stream direction measured from cone ba 

coordinate normalized with respect to base diameter 

angle of attack 

mass density 

coefficient of viscosity 

azimuthal angle measured from windward axis 

stagnation conditions 

conditions evaluated at cone surface 

free stream conditions 

local conditions 

conditions behind a normal shock 



NEAR WAKE OF A SLENDER CONE IN HYPERSONIC FLOW 

Edward M. Schmidt and Robert J. Cresci 

L INTRODUCTION 

The near wake of blunt-based slender bodies represents a funda¬ 

mental fluid mechanical problem which derives its basic features from 

the separated flow regime. The necessity of studying this region in 

detail has been dictated by the effect of its local flow properties on 

communications, guidance, and identification of high speed vehicles. 

A comprehensive review of the available literature connected with this 

problem is presented in reference (1) while the current development of 

theoretical analyses of the near wake region is typified by the results of 

references (2) and (4). These analyses are presently applicable to two 

dimensional bodies with laminar boundary layers. Even in this some 

what limited context, moreover, there arise certain difficulties which 

restrict the solutions to limited ranges in free stream Reynolds numbers 

and Mach numbers, cf. reference (4). For the more practical problem 

of an axisymmetric body with either a laminar or turbulent boundary 

layer, the inherent complexity of analyzing such a region is even greater 

so that no current analyses is capable of predicting the flow properties 

in the near wake region. 

Certain properties of the base flow region are significant from the 

viewpoint of design and advanced development of reentry bodies, e.g. 

the temperature of the fluid the recirculating region, and near wahe 

velocity profiles, which are necessary initial condition, for far-wahe 

computations. Since theoretical analyses for the prediction of these 



properties are not yet available, attempts have been made to correlate 

this information in terms of the free stream conditions and vehicle 

configurations from experimental data. cf. references (5) through (7). 

It has therefore become necessary to obtain a large amount of experimental 

data for this purpose; this data also provides information for comparison 

with proposed theoretical analyses, and indicates the basic flow pattern 

from which the theoretician can gain insight into mechanisms governing 

the flow in this region. The experimental data has been obtained by 

various techniques including ballistic range firings, shock tunnels and 

blowdown wind tunnels. A comprehensive summary of the experimental 

reports issued over the past several years on this subject has been 

presented in reference (8) and includes near wake data for a variety 

of vehicle configurations, free stream Mach numbers, Reynolds numbers, 

wall temperature ratios, etc. Although there is a reasonably large 

amount of data available, certain aspects of the flow pattern have not 

yet been satisfactorily resolved and require further investigation. 

A configuration which has received little attention as yet is the 

asymmetric body, or slender body at angle of attack. This problem 

is of extreme practical importance since a re-entering hypersonic 

vehicle will not necessarily be at zero attitude throughout its entire 

flight trajectory. In fact, if maneuvers are desired, the angle of attack 

developed can be quite large. Even without this consideration, however, 

small oscillations of the vehicle about the zero angle of attack attitude are 

possible and may have a significant influence on the general behavior of 

the base flow. Some data is currently available concerning this phen¬ 

omenon and has been presented in reference (9). It consists of a 10° 

half angle cone tested at Mœ = 6. 0 and at a 10° angle of attack. The 

2 



free stream Reynolds number is sufficiently large so that fully turbulent 

flow is achieved both on the cone surface and in the near wake. The 

corresponding data for a = 0 are presented in reference (6). Significant 

differences in the flow field were observed due to the angle of attack of the 

body. In addition to this basic inviscid flow field effect, it is of considered 

importance to determine whether a change of vehicle attitude can sufficiently 

alter the surface boundary layer characteristics and the base flow to 

change the near wake from a laminar to a turbulent flow. In other words, 

if the free stream Reynolds number is sufficiently low so that both the sur¬ 

face boundary layer and the near wake are laminar at a = 0, and then a 

change in attitude produces an angle of attack, the question arises as to 

whether the altered nature of the boundary layer on the surface of the body 

can signicantly alter the mixing processes occuring in the near wake. 

It is the purpose of this investigation, therefore, to examine the 

flow characteristics in the near wake of a slender body at angle of attack 

for reasonably low Reynolds numbers. A detailed study of the surface 

properties on the cone is performed both at zero and non-zero angle of 

attack to accurately ascertain the nature of the boundary layer under 

these conditions. This is necessary if a more complete understanding 

of the measured wake data is to be obtained. The flow field is surveyed 

between the base and several base diameters downstream of a sharp, 10° 

half angle cone which is wire supported at a 10° angle of attack. Tests 

were conducted at a free stream Mach number of 7. 7 in the PIBAL hypersonic 

facility over a free stream Reynolds number range of 0. 3 x 106 to 1. 5 x 106 

based on model diameter. The average stagnation temperature is 1700°R 

producing a wall to stagnation temperature ratio of 0. 32. The same model 

was also tested previously at zero inclination, thus, a comparison of results 
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may be performed between the zero and non-zero angle of attack 

configurations. 

2. MODEL DESIGN AND INSTRUMENTATION 

The model, illustrated in figure (1), is a 10° half angle cone 

which was rolled and machined to 0.05 inches thickness from a stainless 

steel sheet. The surface is instrumented for local heat transfer and 

static pressure measurements; these are required to determine the 

nature of the boundary layer both at the zero and non-zero angle of 

attack configurations. For the surface measurements, the model is 

supported by a base sting to facilitate removal of the instrumentation leads 

from the wind tunnel. Heat transfer gauges, which are located at 

various positions along a generator of the cone, consist of fine thermo¬ 

couple wires spot welded to the inside of the model skin. The local 

heat transfer rate is calculated by the thin skin technique, utilizing 

the basic assumptions that no heat is transferred along the cone sur¬ 

face, and that the inner surface is adiabatic. Static pressure taps 

are also located along a conical ray, the peripheral distribution of surface 

pressure being obtained by rotating the model about its axis on the model 

mount. 

To obtain data in the near wake, the model is supported by six 

braided cables with a diameter of 0. 03 inches; three of these support 

the model at the nose and three just slightly aft of the model center of 

gravity. In this manner, the rear wires penetrate the model boundary 

layer at a location of more than 250 wire diameters upstream of the model 

base. This is done to assure no wire interference effects on the base 

region, since in this distance the major influence of the wires has been 

dissipated. 
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The wake survey data obtained corresponds to radial variations of 

flow parameters at selected axial positions. These measurements of 

local values of the pitot and static pressures are obtained only in the 

supersonic portion of the near wake region. The rakes and probes used 

in the wake survey are illustrated in figure (2). The total pressure rake 

consists oí standaid pitot tubes with blunt leading edges connected to 

Statham 0. 5,2. 5, and 15 lb. /in.3 transducers. The static probes consist 

of tubes with six static holes drilled around their periphery at a distance 

of 15 tube diameters from the tip; slender (5 ) cones are installed at the tips 

'■ 1 probes to facilitate the decay of local static pressure on the probe 

surface to that of the local free stream. The static pressure is measured 

using Hastings DV-13 thermocouple type gauges. The static probes measure 

the local static pressure directly while the total head probes measure the 

pitot pressure. From the pitot and static pressure data, the local Mach 

number is obtained and the corresponding value of the local stagnation 

pressure can then be computed. 

The tests were performed at Mach 7. 7 with air as the test gas. 

The duration of sustained hypersonic flow in this blow down tunnel is 

on the order of 30 seconds, however, to obtain wake data at a relatively 

constant value of the wall temperature ratio, a run length of about 5 

seconds is used. This is sufficient to achieve stabilization of the pressure 

instrumentation and still have a relatively uniform surface temperature. 

The tunnel stagnation pressure was varied from 30 psia to 500 psia to 

obtain the desired variation in Reynolds number necessary to compare 

with the theoretical analyses of the boundary layer. The complete wake 

survey at a = 10 was conducted at a nominal tunnel stagnation pressure 

of 250 lb. /in.3 and roughly 1700°R stagnation temperature, which corresponds 
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to a free stream Reynolds number of 0.83 x 106 per foot. 

3. PRESENTATION AND DISCUSSION OF RESULTS 

One method which has been utilized extensively in the past to 

ascertain the nature of the boundary layer characteristics on a surface 

is to measure the local heat transfer rate and compare this to theoretical 

analyses. This has been done for the test model at both zero and non¬ 

zero angles of attack and the results are shown in figure (3). The data 

is presented in terms of Nusselt number versus a Reynolds number 

based on free stream conditions and the base diameter of the cone. 

This particular variation of heat transfer corresponds to a surface location 

( s = 2. 80) on the cone which is close to the shoulder ( ¥b = 2. 88). Also 

included on the data plot of figure (3a) are the laminar boundary layer 

predictions of reference (10) and the fully turbulent theory of reference 

(11). It is observed that br varying the stagnation pressure of the tunnel, 

complete range of boundary layer behavior can be obtained corresponding 

to either completely laminar, transitional, or fully turbulent at the shoulder. 

For Reynolds numbers less than 0. 7 x 106, the boundary layer on the 

entire surface is seen to be laminar. 

For the angle of attack configuration, the corresponding data for 

the same surface location is presented in various meridian planes. The 

angle <*, is measured from the windward plane and for r0 = 0, the theoretical 

laminar boundary layer analysis of reference (12) is included for comparison 

The comparison of experimental data and the theoretical analysis indicates 

that the boundary layer is laminar in this plane over the entire test Reynolds 

number range. The corresponding data and analysis is also shown in the 

cross plane ( ^ = 90°) and again it is observed that the boundary layer is 

laminar. Along the cone surface in the leeward plane, the experimentally 
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obtained eurface heat transler is also presmted. In this case, there is 

no theoretical analysis available since the cross Ilotv is toward the plane 

o( symmetry and the inviscid (low field is not accurately known. The 

cone surface in this plane is parallel to the free stream direction, however, 

a highly vortical (low exists due to the large inviscid cross flow velocities 

existing for this configuration. The observed variation of heat transfer 

with Reynolds number appears to indicate that the flow is transitional along 

this surface. Of further significance is the fact that although the flow is 

completely laminar on the windward surface, it appear, to be transitional 

on the leeward surface a. a value of the free stream Reynold, number which 

is less than required to achieve a transitional boundary layer on the cone 

a. zero angle of attack. The near wake characteristic, of axisymmetric 

bodies have been found to be strongly dependen, on the surface boundary layer 

at the model shoulder, thus, it is of interest to determine for the present 

configuration, the near wake condition. ,ha, are produced. With thi, in 

mind the centerline variation of local properties such as Mach number and 

pressure will be examined for the non-zero angle of stuck configuration. 

g S (4) through (6J present the axial distributions of static pressure 

Mach number, and local stagnation pressure along the model centerline 

as a function of distance from the base of the cone. The static pressure 

measurement, presented in figure ,4) are normalised withre.pec, to the 

corresponding free stream value, thereof and the zero angle of stuck data 

of references ,11, through ,15, are also included for comparison. This 

e.ponds to a range in free stream Mach number between 5. 0 and 

° and a ran8e " Reyn0lds »»‘ch produce either laminar or 

fully turbulent boundary layer. „„ the cone surface. The peak over¬ 

pressure obtained is seen to increase as the Mach number increase, or 
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or as the Reynolds number decreases. In addition, the axial extent of the 

regional increased pressure is quite large for laminar layers while for 

turbulent conditions it is reduced considerably. Examination of the Mach 

8.0 data, at zero angle of attack, for different Reynolds number* indicates 

this trend quite conclusively. For the low Reynolds number laminar tests 

<ReD = 0. 20 X 10 ) the static pressure in the near wake is seen to reach 

a value of 2. 5 times the free stream pressure at a distance of roughly 

5 diameters downstream of the base, while for the turbulent condition 

ÍReD = 1. 1 X 106), the peak pressure is only 1. 3 pœ and is achieved at 

a downstream distance of only three base diameters. Compare this with 

the angle of attack configuration (solid symbols) and it is observed that the 

data compares wi'h the fully turbulent, zero inclination conation. It 

should be noted that although the data presented in figures (4) through (6) 

correspond to the geometric centerline distribution for the zero angle of 

attack configuration, wnt ne cone is inclined at an angle with the free 

stream this centerline does not correspond to the "local symmetry axis." 

Ther .fore, the angle of attack data corresponds to the maximum local 

static, or minimum local pitot pressures, rather than the centerline 

distributions. These occur slightly off axis as can be seen in figures (7) 

and (8). 

Figure (5) presents the centerline variation of Mach number for 

the various experimental data available and trends similar to those 

observed in the pressure variation are seen to occur. The zero angle of 

attack, Mach 8.0, data for laminar flow indicate that recovery to half of 

the free stream Mach number occurs roughly six diameters downstream, 

while for turbulent flow, the same wake Mach number is achieved at five 

diameters. When the cone is placed at an angle of attack, however, 

recovery to free stream conditions is seen to occur even mo-e rapidly 
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than for the zero a„,le condition with a fully ,„rhuient 3urilce boundary 

layer. Since these two configurations produced similar static pressure 

distributions, it is evident that the stagnation pressure recovery in the near 

wake will also be dissimilar due to die difference in Mach number variation 

This can be seen in ,igure (6) which presents the variation o, local stagnation 

pressure (normalized with respect to th«* fV» f 
respect to the free stream stagnation pressure) 

along the axis. Again, it is seen ^ tk 
seen that the recovery to free stream conditions 

occurs more rapidly than for the zero angle of attack condition with a fully 

turbulent boundary layer. The recovery of the near wake flow parameter, 

thus appear, to be influenced by two different factors in the angi. of attack 

conf,gura,ion. First, the angle of attack produces a localized region on 

«he cone surface wherein the boundary layer which was originally laminar 

has become transitional or turbulent a, lower Reynolds number, than 

expected for the axisymmetric flow case. This effects the miaing 

processes and therefore the behavior of the local flow conditions in the 

wake. In addition, 1, appear, .ha, for the angle of attack configuration 

there is a large scale mixing caused by [he ^ ^ 

•he cone surface which further increase, the pressure recovery in fl.e 

wake to its free stream value. 

Pito, pressure profiles are presented in figure, ,7a) through ,7f). 

The trailing shock shape can be roughly determined from the observed 

discontinuity in the pito, profile,; this 1, shown scale in figure (9) 

with the corresponding zero angle of attack shock shape a. determined 

from the high Reynold, number ( turbulent boundary layer) tests. A. 

noted previously, the symmetry axis in the vi.cous COre is displaced 

toward the leeward side of th* r-nn» k 
y an amount approximately equal 

to one tenth of the base diam^t^r 
• As the distance downstream of the 

9 



base increases, this radial shift decreases until it is essentially zero 

( X = 4. 5). The trailing shock shape is also displaced in the same 

direction although it is seen to require a longer distance to approach the 

axisymmetric shock configuration. In order to determine the range 

of validity of the measured profiles, the conical shock and base expansion 

fan are also shown in figure (9). Reflection of this shock from the 

tunnel wall (using the displacement thickness as an approximate wall correction) 

on the windward side of the model indicates an intersection with the trailing 

shock between four and five base diameters downstream of the model. 

Although additional radial surveys were obtained for values of x up to 7. 5, 

these are not included since the data is of questionable value. Centerline 

conditions, however, are expected to be reasonable for distances up 

to seven base diameters downstream of the model. The disturbance from 

the leeward surface of the cone is seen to have no effect on the measured 

flow variables for considerably larger distances. 

The static pressure profiles are shown in n ures (8a) through 

(8e). In these plots, the shock location is not as evident since the 

pressure readings on the static probes are affected for some distance 

on either side of the exact impingement location. In addition, the off-axis 

data incur a larger percentage error due to the possibility of local flow 

inclinations. 

4. CONCLUDING REMARKS 

In addition to providing some profiles of pitot and static pressure 

in the near wake of a cone at angle of attack, some overall effects on the 

pressure recovery have been observed. Comparison of the Mach 6. 0 data, 

for fully turbulent flow, indicates that the effect of angle of attack on the 

inviscid flow increases the stagnation pressure ratio by roughly a factor 
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of three. The present tests at Mach 7. 7 indicate an increase by a 

factor of five above the laminar axisymmetric flow conditions. This 

increase is believed to be caused in part by the inviscid flow field over 

the cone and partially by the local alteration of the boundary layer on 

the cone surface from a laminar to a transitional condition. 
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FIG (2) PHOTOGRAPHS OF WAKE SURVEY RAKES 
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FIG (3) HEAT TRANSFER TO CONE SURFACE (S*2.8) 
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(a) X = 1.5 

(b) X =2.0 

FIG (7) PITOT PRESSURE PROFILES 



(c) X =2.5 

FIG (7) PITOT PRESSURE PROFILES 



(e) X * 3.8 

(f) X = 4.5 

FIG (7) PITOT PRESSURE PROFILES 
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RESUME 

La plupart des recherches poursuivies dans le domaine des 

âxëagAf^d'JtSOrtniqUr POr,teit SUr deS symétriques à un 
un anrfe S'fnîdeùre COnf'}gu,ra,i',n du sillaSe de corps inclinés selon 
et arrondis n^cé« !’ ^ ! expériences sur des c6nes effilés 
hypersonldue reí uT m ^ d'i^i'ience dans un écoulement 
hypersonique, ces études portent sur l’écoulement de la couche limite 

"éfeanr à;tÍmraeU,VOÍhinaHgf "n CUl0t' 61 6Ur U r¿gi°" visqueusT ' 
íír h , i' °C 6 qui Se produit a la Partie antérieure et 
niims shit éT d“ COrPS' °n eSpère itendre ces recherches il des points situes plus loin en aval. 

IWIp H'68 ^Périences effectuëes jusqu'ici ont démontré que, lorsque 
angle d incidence auquel est soumis le cône est inférieur au demi-anele 

de ce dernier la transition de la couche limite se produit sur la partie 

ôtreT; aCe la T1118 ÍnClÍn¿e VerS 16 Vtínt- CettePtransition semble 
Hmite LeTréTu t Xt10H ^ f0rme <1U Pr0fÜ de vitesse de la couche 
et il taux de trTiÎ ! ^eSUreS portant sur ia Pression, la densité 

le taux de transfert de chaleur concordent parfaitement avec ceux de* 

..-reclíne18 th¿0r¡e de la C°UChe 

siméri D8nS a CaS d'un c6ne eífil¿- lorsclue ‘‘“êle d'incidence est 
sümw avere.TVang t116 ^ c8"e' ^ d¿collah>a"‘ de la couche limite 
survient, avec la formation de deux tourbillons, b partir du sommet 

arrond s gmlmens 0pSe7eH.la f°rmatÍOn de tourblUo"s des cônes 
tr/nc T 6 1 angle d lnc‘dence est très faible. Dans ce cas la 
ransition peut se produire dans les zones non décollées là oh 

l'epaisseur de la couche limite est maximale 



SUMMARY 

Most investigations on hypersonic wakes concern axisymmetric 
flow. In an attempt to study wake configuration for bodies at incidence, 
an investigation is carried out on sharp and blunted cones at incidence in 
hypersonic flow, which concerns the boundary layer flow, especially near 
the base, and also the non viscous region between the bow shock and the 
body boundary layer. It is hoped to extend the investigation to stations 
farther downstream. 

So far the experiments have shown that boundary layer transition 
occurs, when the incidence is smaller than the semi-angle of the cone, 
on the part of the surface least inclined to the wind. The transition 
appears to be due to an inflexion in the shape of the boundary layer 
velocity profile. The measured values of pressure, density and heat 
transfer rate, are in excellent agreement with those calculated by the 
three dimensional laminar or turbulent boundary layer theory. 

For sharp cones, when the incidence exceeds the cone semi-angle, 
separation of boundary layer is observed together with the formation of 
two vortices from the apex. The vortices are also observed on blunted 
cones even when the incidence is very small. Transition can occur in 
this case, in non separated regions, when the thickness of the boundary 
layer is a maximum. 
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INTRODUCTION 1. 

La plupart des recherches théoriques et expérimentales déjà 

uées sur les sillages hypersoniques, concernent les écoulements 

a symétrie axiale, ou les écoulements plans. 

Comme première tentative d'étude de sillages dissymétriques 

une recherche a été entreprise *à l'Institut de Mécanique des Fluides ’ 

e arseille, qui concerne le sillage de cdnes circulaires à pointe 

vive ou émoussée placés en incidence dans un écoulement à M =7. 

DanS phase l'étude a porté sur la conliguration 
de écoulement pariétal e, sur celle de l'écoulement entre le choc et 
le modèle. 

L'étude de la configuration du sillage proche fait l'objet 

d'une seconde phase, actuellement en cours d'exécution. 

Les résultats obtenus ont en particulier mis en évidence 

suivant l'incidence et l'émoussement, l'existence de deux tourbillons 

apex ou d'une transition précoce de la couche limite à l'intrados des 

modèles en incidence, résultant du caractère tridimensionnel de 
l'écoulement. 

2*' maquettes- CONDITIONS des ESSAIS 

Les essais ont été effectués dans la soufflerie hypersonique 

rafales de l'Institut de Mécanique des Fluides dans les conditions 
suivantes : 

La présente étude a été effectuée Hanc 
c°ntrat de recherche confié à l'Institut hÎm? G d ^ 

Aérospatiales^1" 
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Nombre de Mach : 7 

Pression génératrice : 24,5 bars 

Température génératrice : 600 °K 

Diamètre de la section d'essai : 20 cm 

Durée maximale de la rafale : 1 minute 

Nombre de Reynolds par cm : 125.000 

Température initiale des maquettes : 300 °K 

Les maquettes sont constituées par des cônes tronqués de 

demi-angle au sommet *= 9° et 15° pouvant recevoir soit une pointe 

vive , soit une pointe émoussée en secteur sphérique (Longueur du 

cône à pointe vive :* =9° , L = 230 mm; « = 15° , L = 130 mm; 

rayon de la pointe émoussée R = 5 mm). 

Pour obtenir une connaissance plus détaillée de l'écoulement 

au voisinage de l'émoussement, il a été utilisé des maquettes non 

démontables reproduisant à plus grande échelle la partie antérieure 

des cônes émoussés (#= 9° : R = 15 mm, L = 139,12 mm; 

* = 15° : R = 15 mm, L= 87,05 mm). 

Les maquettes sont équipées à la paroi de prises de pression 

disposées de 10 en 10 mm le long d'une génératrice, et de pastilles 

calorimétriques disposées de façon identique, le long d'une autre 

génératrice, 

3. - RESULTATS 

3.1. Ecoulement_pariétal_ 

3.1.1. C Ô_ne_à £ointe_viye_, _cas d_e s_incidences_ faible s 

Les essais montrent qu'à faible incidence, la 

couche limite laminaire autour de ? = 0° devient turbulente vers l'aval 

au voisinage de la génératrice la moins inclinée sur le vent, 

d'azimut ?= 180° ^ ^ ^ La transition ainsi observée peut 

s'expliquer de la façon suivante. Comme le montrent la théorie et 

l'expérience (méthode du film d'huile, figure 1 a) , les lignes de 

courant pariétales divergent à partir de la génératrice 
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de part et d'autre de cette génératrice, qui es, une ligne de partage 

pour converger de part e, d'autre de la génératrice » = i80. Qui 

constitue une ligne de confluence. 

' L'épatsseur de la couche limite est donc maximale vers 

«al, sur la portion de surface du cine la moins inclinée sur le 

vent, en particulier le long de la génératrice • - ian° . , 
6 o ratrice f - 180 , et la transition 

P- produire, bien que le nombre de Reynolds, rapporté aux 

conditions de l'écoulement non perturbé et à l'abscisse le long de la 

génératrice, soi, relativement faible (o, ioS,* _ Les observaUons 

stnoscopiques permettent de préciser que la transition le long de la 
génératrice » = 18„. se produit entre les absc¡sses ^ ^ ^ 

De plus, comme le montrent les mesures de flux de 

chaleur (fig. 2) e, le confirment les observations strioscopiques, la 

couche limite est turbulente à 120 mm du somma 
au sommet, sur une région 

étroite autour de la génératrice 9 = 180° r 
, 9 100 • Les courbes, ensemble 
des maxima et des minima des courbes q ( <P ) 

sur la figure 2 délimitent approximativement la z onete'trMsition. 

Cette représentation met en évidence l'élargissement vers l'aval 
de la zone turbulente. 

que la LeS COUrbeS de répartiti0" de 13 Pressi°n (fig. 2)mornrent 
que la pression sur chaque parallèle décroît constamment, lorsque 

» varie de 0 à 180», ,ou. en demeurant supérieure 4 p„ . 

La distribution de la pression ainsi que celle de la 
densité de flux de chalpur n x 

„ q- rele^cu sur le cône . = 15» pour 

. . présentent des caractères tout à fait analogues. 

locales de l'^ioultnfent rapp“r,é aux conditions 
l'épaisseur de cette dernière es. vXin d^0«™ ' & 
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3. 1. 2 Cône à pointe vive à forte incidence -Cône à 

pointe émoussée 

La configuration de l'écoulement pariétal est très 

différente sur le cine à pointe vive, lorsqu'il est placé à une incidence 

&up meure ou égale au demi-angle au sommet, ainsi que sur le cOne 

à pointe émoussée, aussi faible que soit son incidence. 

En effet, dans de telles conditions la couche limite se 

separe sur une certaine s one autour de la génératrice la moins inclinée 

sur le vent, a one étroite d'abord, éioignée de la pointe du cOne, qui 

s élargit en se rapporchant de la pointe, e, s'étend à toute la longueur 

du modèle lorsque l'incidence augmente. C'est ainsi qu'aux grandes 

incidences, sur le One à pointe vive, la zone de décollement est 

limitée par deux génératrices de part et d'autre de t = ISO", (fig 

Ib. i = 20-, méthode du film d'huile). Bien entendu le décollement 

provoque la formation de deux tourbillons qui dans ce dernier cas 

son. des tourbillons d'apex. La génératrice » = 180° devient 

génératrice d'arrêt de l'écoulement pariétal. Autour de cette 

génératrice le film d'huile se trouve balayé dans une zone limitée 

par deux génératrices symétriques par rapport à »= i80°, ensemble 

des points de rattachement de l'écoulement pariétal. 

Les génératrices de décollement et de rattachement de 

a couche limite coincident respectivement avec le lieu des minima 

le lleu des maxima des courbes q ( 9 ) (fig 3) 
s =Cte 

Les phénomènes observés sont identiques sur le cène 

émoussé, à toute incidence différente de zéro. 

Aucune transition n'a été constatée à faible incidence en 
amont de la région séparée. 11 y a lieu de remarq.Jer cependant ^ 

I“ tridimenSi0raiel de "fernen, doit rendre cctte transition 
possible, pourvu que le nombre de Reynolds soi, suffisamment élevé 
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3. 2. Ecoulement entre le choc et le corps 

3. 2.1, Cône à pointe vive 

La configuration du siliago visqueux dépend évidemment 

du régime de l'écoulement dans la couche limite du modèle, ainsi 

que de la conflation de l'écoulement entre l'onde de choc et l'obstacle 

La forme de l'onde de choc peut être obtenue par l'observation 

Pique. Dans le cas du cône h pointe vive, l'onde de choc a 

sensiblement la forme d'une nappe conique issue du sommet du cône 

car effet de déplacement do à la couche limite est insensible C'est 

ce que montre la flaire 4 a, image strioscopique de l'intersection 

de onde de choc avec le plan de symétrie de l'écoulement, pour le 

One placé à l'incidence de 5". Dans ce plan, et dans chacun des 

domaines délimités par l'onde de choc e, la couche limite, l'entropte 

peut être considérée comme constante. 

Des mesures de pression d'arrêt ont été effectuées dans 

la région comprise entre le choc et 1p mr-na ^ , cnoc et le corps, dans les différents 

P ans méridiens de la maquette, à l'aide d'une sonde de 0.8 mm de 

diamètre extérieur, déplacée perpendiculairement à ,a surface du 

mod le. Cette sonde est reliée à une capsule manométrique 

différentielle à jauge de contrainte. Le vide assuré par une petite 

pompe à palettes dans une capaeité auxiliaire et mesuré à l'aide 

d une jauge de MeLeod. est utilisé comme pression de référence. 

Les résultats concernant les génératrices d'as i mut s 0, 90", 

0 . sont représentés sur la figure 5. Us montrent que pour chaque 

génératrice, et dans la région non visqueuse, la pression d'arrêt 

varie peu en fonction de y/y et demp„™ „ +- 
y/Yc et demeure pratiquement indépendante 

de s. ce qui confirme l'hypothèse de l'écoulement conique. 

Des mesures de densité de débit P u, ont été effectuées 

a même région, à l'aide d'une sonde constituée par un tube 

don, la section d'entrée, de 0. 6mm de diamètre, est à bord vif. La 
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sonde est reliée à une pompe à palettes suivie d'un refroidisseur 

et d un débitmètre. Lorsque le débit d'aspiration est suffisant 

pour que l'onde de choc soit avalée à l'intérieur du tube, le 

débitmètre mesure exactement le flux traversant le tube de courant 

de l'écoulement non perturbé s'appuyant sur la section d'entrée de 
la sonde. 

Il est théoriquement possible de calculer la distribution 

du nombre de Mach et de la température à partir des distributions 

de Tq et du rapport . Malheureusement, le calcul est peu 

précis, car le rapport demeure pratiquement constant dans 

un domaine de variation étendu de M et de T. 

3.2.2. Cône à pointe émoussée 

Les photographies strioscopiques de la figure 4 mettent 

en évidence la modification de la forme du choc avec l'émoussement 

ainsi qu'une zone à fort gradient de densité, immédiatement à l'aval 

de l'émoussement, là où l'onde de ¿hoc est la plus proche de la 

surface du cûne (au voisinage de la génératrice tp = 0°). 

Les figures 7 et 8 montrent les variations de la pression 

d'arrêt et de la densité de débit à travers cette z one, lorsqu'on 

déplace les sondes le long d'une normale à la surface de l'obstacle. 

Cette zone au voisinage de la pointe correspond à une couche à forte 

entropie, dont l'effet , par le jeu de la réflexion des ondes de détente 

issues de la surface à partir de la ligne sonique, se fait également 

sentir sur la distribution longitudinale de la pression à la paroi. Cette 

pressjon ne garde une valeur constante que pour s/R >20. 

La figure 10 représente l'évolution de la pression d'arrêt 

entre le choc et l'obstacle ainsi que dans le sillage proche, aux 

incidences 0 et 5°. 
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A l'aval de ia base du modéle, la pression à l'incidence 

" V1SiWe SUr la figUre) ^1* à 0.4 p„ . A l'i„cldence 
, cette pression, varie entre 0, 23 et 0,4^ 

4, 

4‘1' g^de du sillage non visnnpnv 

Jusqu'à ces dernières années, les seuls calculs effectués 

écoulement tridimensionnels étaient basés sur des solutions des 

quatmns hnéartsées du mouvement valables pour i « !. Ainsi 

Pa , puis Sims on, calculé l'écoulement autlTr des cènes 

circulaires placés à des incidences inféüeures à leur demi-angle 

lorsque l'onde de choc est attachée. ’ 

Une méthode exacte de résolution numérique, par 

différences finies, du système des équations aux dérivées partieUes 

mouvement a été proposée par Babenko <6>. Cette méthode valable 

tou, obstacle suffisamment régulier, a été appliquée par les 

au eurs au cas du cène circulaire en incidence, avec onde de choc 

attachée. L'application de la méthode de Babenko n'a pas été 

traitée dans le cas oà l'onde de choc est détachée. Dans ce cas 

comme il est bien connu, le problème est celui du calcul d'un 

;~r SUbSOnl“Ue-8U~^. “ * traiter. 
Une instabilité apparait dans les calculs. 

La comparaison entre les résultats expérimentaux 

concernant la pression d'arrêt et la densité de débit dans le sillage 

non visqueux et les calculs diéoriques effectués d'après Babenko 

n a donc pu être effectuée que dans le cas du cène à pointe vive, ’ls 

comparaison met en évidence en Hehnr-a ^ 
- en dehors des couches limites, un 

accord satisfaisant (fig. 5 et 6). 
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4.2. 

4. 

Iiude de ^ couche limite et du flux de chaleur 
pariétal ----—- convectée 

2,1. Conditions à la frontière de la couche limite 

La connaissance de l'écoulement non visqueux ne 

suffit pas pour déterminer les conditions de l'écoulement à la frontière 

de la couche limite. En dehors des effets de déplacement, deux 

phénomènes principaux se dégagent : 

-pour le cône à pointe vive, il existe uné région 

à fort gradient d'entropie près de la paroi, dite "couche 

tourbillonnaire" ('). 

-pour le cône à pointe émoussée, à la frontière de 

la couche limite, par suite de l'existence d'une région à fort gradient 

d'entropie, l'écoulement est encore rotationnel. Un tel effet, 

remarqué à l'incidence zéro par R. Rogers *8), est amplifié contre 

la génératrice au vent, par la mise en incidence, d'une façon analogue 

à ce qui a été observé sur le bord d'attaque d'une aile en delta en 

dérapage , 

Dans ce qui suit, l'entropie à la frontière de la 

couche limite a été prise égale : 

-en ce qui concerne le cône à pointe vive, à 

l'entropie en aval de la section de la nappe de choc par le demi 

plan méridien contenant la génératrice considérée. 

-en ce qui concerne le cône à pointe émoussée, à 

l'entropie en aval de la partie droite de l'onde de choc détachée. Le 

calcul n'est dans ce cas valable que près de la pointe. 

La donnée de la pression statique permet alors de 

connaître tout l'écoulement. Celle-ci étant supposée constante sur 

une normale à la paroi, à travers la couche limite, peut donc être 

mesurée sur l'obstacle. La pression peut être d'ailleurs calculée 

théoriquement dans le cas du cône à pointe vive. La figure 11 relative 
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au cône de demi-angle 15° à l'incidence 5°, montre un excellent accord 

entre le calcul de Babenko et les résultats expérimentaux. 

4, 2. 2. Méthodes de calcul du flux de chaleur convectée 

(paroi isotherme) 

Lorsque l'écoulement transversal est faible, il est 

possible, pour calculer le flux de chaleur , de trouver un écoulement 

à symétrie axiale localement équivalent. Ce dernier peut alors être 

traité, par exemple, en cherchant des solutions de similitude locale au 

système que l'on obtient après application des transformations de Mangler 

et Stewartson. 

Une telle méthode a été appliquée en utilisant le principe 

de prévalence, c'est-à-dire en négligeant la composante transversale de 

vitesse et toutes ses dérivées 

Les résultats obtenus étant sensiblement inférieirs aux 

valeurs mesurées, une correction a été apportée (10) en tenant cc ^e du 

terme précédemment négligé dans l'équation de continuité. Gene¬ 

s'écrit alors : 

d (Pu) + d (pv) + p u 
à S ¿y 

,lde 
eds 

+ I d w\ 
u ôn 0 

Le calcul de la correction est effectué en supposant constant le terme 
£ dw à travers la couche limite, et égal à sa valeur à la frontière 
u a n 

Le corps de révolution équivalent possède alors une 

méridienne dont l'équation rQ (s) satisfait la relation : 

! dr 
Q = 1 de + 1 ( ¿w ) 

ro ds e ds ug à' ñ  e 

Que le cône soit à pointe vive ou émoussée, la divergence des lignes de 

courant J_ de doit vérifier l'équation différentielle : 
e ds 

d ( de_ ) + (1 de) 
e" ds ê ds T M^ s^sin^* e 

2 
1 ò P 

P(* =0) à ? 2 
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4. 2, 3, Flux de chaleur sur les génératrices du plan de 
symétrie du cône à pointe vive 

Dans le cas du cône à pointe vive, la divergence des 

lignes de courant, qui est l'opposée de la courbure géodésique des lignes 

orthogonales, doit être inversement proportionnelle à s. Deux solutions 

sont alors trouvées de la forme J_ de = _A_ . La première qui 

vérifie : e ds 

correspond à des lignes de courant divergentes (donc à la génératrice 

au vent) 

La seconde : 

4 ¿2p 

» l) 2 sin 2« à * 2 e e 

correspond à des lignes de courant convergentes ou parallèles 

(Donc, à la génératrice sous le vent). 

Le nombre de Nusselt divisé par la racine carrée du 

nombre de Reynolds sera donné par : 

Nu = 0,33 P,0*4 i/2 A' + 1 

où A' = A + 1_ à Vf 

u Q sin « ¿ f 

Et le flux de chaleur q par : 

V/V P 
wUe (2 A' + 1 ) (T. 

FV 
- T ) P w r 

q = 0,33 0,4 
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Sur la figure 12, les valeurs mesurées de flux de 

chaleur ont été comparées aux valeurs obtenues par la présente 

méthode, pour les cônes de 9° et 15° à l'incidence 10° sur la 

génératrice 1»= 0°. L'accord est excellent. Sur cetle figure, ont 

également été portées les valeurs déduites du calcul effectué avec 

l'hypothèse du principe de prévalence, qui sont inférieures aux 

précédentes, comme l'on pouv ait s'y attendre. 

Il faut également noter un excellent accord entre 

la présente méthode et celle proposée par Reshotko^11^, les résultats 

obtenus par l'une et l'autre méthode différant entre eux de moins de 

5%. 

Comme le laisse prévoir la description de l'écoulement 

donnée au paragraphe 3.1.1., la comparaison entre les résultats donnés 

par la présente méthode pour ? = 180° et i - 5° et les flux de 

chaleur mesurés n'est satisfaisante que pour les faibles abscisses 

en amont de la transition (fig. 13). 

4.2.4. Flux de chaleur sur la génératrice au vent du 

cône à pointe émoussée 

Les conditions de l'écoulement extérieur ne sont 

pas encore connues. La figure 14 met cependant en évidence que, 

pour le cône de demi-angle 15°, si l'on rapporte les pressions 

mesurées à leur valeur sur la génératrice ? = O0 au point de même 

abscisse, les points obtenus se groupent autour d'une courbe moyenne. 

Celle-ci ne peut être distinguée à la précision des mesures, de la 

courbe théorique établie pour le cône à pointe vive de même angle. 

L'équation différentielle écrite à la fin du paragraphe 

4. 2.. 2. doit être alors intégrée numériquement à partir de la valeur 

initiale à l'épaule : 
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La figure 14 montre qu'un bon accord est observé entre les 

valeurs théoriques et expérimentales dans le cas du cflne de 15° à 

l'incidence 5°. 

4*3‘ gjHdej^la_couche limite sur la génératrice = 180° 

La transition mentionnée au paragraphe 3.1. 1. est 

également confirmée : 

-par la comparaison des flux de chaleur mesurés avec 

ceux calculés à l'aide des relations établies pour le cOno de révolution 

en écoulement turbulent 2). Ces relations sont appliquées en utilisant 

les conditions locales de l'écoulement. Il vtent pour le nombre de Stanton. 

St = 0,026 ( P 
W 

5/6 + 

(—) 
^ H e ; 

1/6 
Re 

1/6 

-par des explorations effectuées à l'aide d'une sonde de 

pitot de 0,4 mm de diamètre, et dont les résultats pour trois abscisses 

différentes représentés sur la figure 1. 3. montrent une modification 

notable du profil de pression d'arrêt à. travers la couche limite. 

-par la comparaison des résultats de mesure du flux de 

chaleur dans la région supposée être en écoulement turbulent, avec 

les valeurs que l'on peut déduire du coefficient de frottement en 

supposant applicable l'analogie de Reynolds. Ce dernier coefficient 

peut être calculé à partir de la distribution de la pression d'arrêt 

au voisinage immédiat de la paroi. Il vient : 

Cf = 2 w 

Ue 

w 
T 

0 

On remarque que les nombres de Stanton restent compris 

entre 0,85 et 0, 9 10 " , qu'fls soient déterminés à partir des 

mesures de flux de chaleur ou calculés à partir du coefficient de 

frottement. 
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Hg 1 
ECOULEMENT D'HUILE A LA SURFACE DES MAQUETTES 

a) Incidence 5' 

b) Incidence 20' 



Fig : 2 

PRESSION ET FLUX DE CHALEUR PARIETAUX 

oc . 9' i.5- 

•O
 



Fig: 3 

PRESSION ET FLUX DE CHALEUR PARIETAUX 

i . 20' ot ~ 9* 



STRIOSCOPIE DE L'ECOULEMENT 1 = 5’ Fig4 

a) Pointe vive 

b) R = 5mnn 

c) R = 15mm 
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REYNOLDS NUMBER EFFECTS IN THE NEAR WAKE BEHIND A WEDGE 

AT SUPERSONIC AND HYPERSONIC SPEEDS 

by 

Wolfgang F. Merzkirch 

Ernst-Mach-Institut 

Freiburg i. Br., Germany 



SUMMARY 

Near wake studies behind blunt or sharp-nosed bodies in 

ooTntrof?ilCtandhyPerrmC fl0W are important' *.g. from the stand- 
po n of deternmung base pressure, base drag as well as base heating 
iates. According to Chapman's model for the recompression ororest 

:i determination of base drag is rêduc d to the""Mem 
of ftndtng a solntton for the free shear iayer flow in the near wake The 

tionMmHar to Mose of^T *"1 ^ DL‘niSOn ^ BaUm based on assumP- ■ rular to those of boundary layer theory, predict that the base drae 
ts independent of Keynolds number. These results are not in agreement 
With numerous experimental data obtained at supersonic speeds^. 

Measurements of several near wake characteristics (base 
pressure, wake angle, pitot profiles) were carried out behind a wedge 

number1’30^ ^ r ^ ^ ^ * Strong influence of Reynolds 
advanL^el Wedge'Shaped model of experimental 
advantage since it allowed for optical visualization of the free shear laver 
m he near wake A discrepancy between the measured base pressure 

boundarv'fa a ^ leadS l° tHe conclusion that the body 
near wake ^ lnt0 " WÍde f"n °f diverSi^ streamlines in the 

,.,. The lafluence of Reynolds number on near wake characteristics 

Tttributed r ied eXpefrimentally here for hypersonic flow can be attributed to several factors, e. g. 

mixing and diffusion in the free shear layer; interaction 
with the recirculating "dead air" region; viscous inter¬ 
action with the recompression process at the wake neck- 
non-isentropic expansion of the body boundary layer and' 
formation of a Up-shock. 

It is not known by what order of magnitude these factors determine the 
total amount of Reynolds number influence and whether some factor! 
might predominate in certain ranges of Reynolds number. Some of the 
a ove-men loned factors have been treated separately in the literature 
and consideration will be given here to the last point. 

!t can be shown by experiment that the strength of the lip-shock 
is not negligibly small. An analytic explanation of the lip-shock forma¬ 
tion has been given by Weinbaum. A simplified model is used here to 
describe the Up-shock formation at supersonic speeds. A criterion is 
given or the existence of the lip-shock; the strength of this shock 
depends on Reynolds number. The assumptions used for this simplified 

°‘e are '’ot applicable to hypersonic speeds. It is shown that the 
the 1 * ac i angles (at hypersonic Mach numbers) and the geometry of 

near wake do not allow for the development of a lip-shock and [hat 

ThMmodeí* ‘r g°Ver"ed by Stron« viscous interaction processes. 
resultTof he h C y meanS °f the above-mentioned experimental results oí the hypersonic near wake. 



RESUME 

l'arrière d'un corps effilé ou arrondi en lmmëdiatement à 
sonique est importante pour la déterminatio^T hUpersoniclue et hyper- 
la traînée de culot ainsi que des Uux d-éch,"" de CUlot' de 
la maquette de Chapman qui met en lumière f/T CUlOU GrâCe h 
pression au point de resserra » j lèrG le pIocessus de recom- 

Clot se raX i ;és^rre7eTroblLfd'ag;¿cdétrrraÍn" 18 * 
cisaillement libre dans le «íuqít u , écoulement de la couche de 

tie Chapman, et de Denison et BaimT'h 6 ' ^1°11 leS itudes analytiques 
semblables ï, celles de la thforie d^'.a a S hypottòses 
n'est pas affectée par le nombre de Reym.ïds Ssr'é ^°1 
cordent pas. ceoendant i Çynoiüs Ces résultats ne con- 

obtenus aux vitesses supersoniques"™ résultats exPi5rimentaux 

culot, angle de s 111 a 0” " pro fi fs Vd "S "S caractensti;lues (pression de 

Í. l'arriére d'un corps 'en forme dlT/d"™"d“ SÜlage proche 
or ces mesures révèlent que l'influen d h PlaC¿dans un courant d'hélium; 
importante. La manuel e h,- „ U n°mbre de RPynol<is est 

l'avantage du point de vue expérimental""di" d8 d‘ëdrC Prp'sentc 
optique de la couche de cisaillement Í k‘ permettre un<-' visualisation 
apparait entre la pressé de cl, n ‘e SiUagC 1* 

mesures et l'angl? de sillage rété j p ÎL“^procldi0“;"'6 P3r 188 
un écart qui indique que la couche n™ , a procéd¿s de visualisation, 

s'épanouit en un largl évanüt 

Sillage pL;0lU:rfll“lSreS Sr XU 
hypersonique, peut être attribuée^ „1 ¿tahlii ici pour un écoulement 
diffusion dans la couche de cl f, ^ plusieurs facteurs: - mélange et 

morte du courant qui effectue une rlirculati",»"! "l'T aV8C la r8gi°n 
avec le processus de recompression dins fa zônelé?0 T ViSqU8US8 
sillage; amplification non isentropique de Í couche dU 

“"hr“ °ndeJ8Ch08 a“aPh- ap décrochemenT^u ^ 

totale ^^ZÎeZZe^r7âTZZl:CTS dét8™i"™‘ la -“"inte 
pourraient prédominer oourlL l fy °ldS' et 81 cer‘ains facteurs 
Parmi ces facteurs ci-dessus m er aine,garne de nombres de Reynolds 

séparément dans îa littératur ' ‘l"48' CertainS °nt ét¿ trai‘^ 
ici è l'étude du dernier poînt ^8^1^ 81 ‘,aatenr se consacrera 



On peut démontrer expérimentalement que l'influence de l'onde 
de choc attachée au décrochement de culot n'est pas une valeur 
négligeable. Weimbaum a donné une explication analytique de la 
formation de cette onde. On a recours ici à une maquette simplifée 
pour décrire sa formation aux vitesses supersoniques, et l'on donne un 
critère pour son existence; son intensité dépend du nombre de Reynolds. 
Les hypotheses utilisées pour cette maquette simplifiée ne sont pas 
applicables aux vitesses hypersoniques. On démontre que de faibles 
angles de Mach (au nombre de Mach hypersoniques) et la géométrie du 
sillage proche ne permettent pas la formation d'une onde de choc 
attachée au décrochement du culot et nue le sillage proche est régi par 
de puissants processus d'interaction. La maquette en question est 
étudiée à l'aide des résultats expérimentaux sur le sillage proche 
hypersonique, résultats mentionnés plus hauts. 
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NOTATION 

Cl- C2 

h 

L 

M 

M1 , M" 

Re 

s 

tan oc 

ß 

* 

characteristic numbers according to 12^ 

base height 

length of wedge 

Mach number 

Mach numbers on both sides of an entropy 
discontinuity 

base pressure 

stagnation pressure 

Reynolds number 

distance between base and wake neck 

2) see eq. 

wake angle 

ratio of specific heats 

numbers describing the reflection and refraction 
of a wave at an entropy discontinuity 

Further subscripts: 

1,2, 3 inviscid flow regimes according to figure 1 



- 2 - 

1. INTRODUCTION 

One oí the most important goals of supersonic and hypersonic near 

wake studies is the prediction of base pressure or base drag. The 

theories given by Chapman ^ 2) and by Denison and Baum 3) allow 

for analyzing the free shear layer behind a two-dimensional body 

(wedge) and thereby determining the base pressure; it is shown that - 

for a Prandtl number Pr=l - it is not necessary to include into the 

analysis thermodynamic or physical gas effects and that the base 

pressure is predicted only by analyzing the fluid mechanical aspects 

of the flow field. The resulting base pressure is then a function of the 

Mach number but independent of Reynolds number. 

The latter prediction is not in agreement with numerous experimental 

data obtained at supersonic speeds and which display a strong influence 

of the Reynolds number on the base drag. A representative base 

pressure profile, measured over a wide range of Reynolds numbers, 

has been presented by Kavanau ^ for an axisymmetric model and a 

free stream Mach number Mj = 3. Lehnert and Schermerhorn 

compared the Prandtl-Meyer deflection angles ß, calculated by using 

the measured base pressures, with the wake angles ß (see figure 1) 

visualized by optical means, and they found good agreement at a local 

Mach number M2 = 2. 75. Base pressure and wake angle measurements 

carried out in hypersonic flows, e. g. G), also display a strong Rey¬ 

nolds number dependence. 

The influence of the Reynolds number on near wake characteristics 

which has been verified experimentally can be attributed to several 

factors, e. g. 

mixing and diffusion in the free shear layer; 

interaction with the recirculating "dead-air" regime; 
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viscous interaction with the recompression process at the 

wake neck; 

non-isentropic expansion of the body boundary layer and 

formation of a separation or lip shock. 

It is not known by what order of magnitude these factors determine the 

total amount of Reynolds number influence and whether some factors 

might predominate in certain ranges of Reynolds number. Some of the 

above mentioned factors have been treated separately in the literature 

and consideration will be given here to the last point. Since the dis¬ 

cussion and results of this note are related to some of the experimental 

data obtained by H. K. Larson and the present author \ these experi¬ 

ments will first be briefly reported. 

2. EXPERIMENTAL RESULTS FOR THE HYPERSONIC NEAR WAKE 

Measurements of both base pressure and wake angle behind a 7. 5° 

half angle wedge were taken n the Ames 1-foot helium tunnel at free 

stream Mach numbers of 11 and 18. The total variation of Reynolds 

number, ^e2 jy was between 2 and 15 million and had been achieved 

by varying the model length and/or the tunnel stagnation pressure. The 

recorded base pressure, plotted m figure 2, decreases with increasing 

Reynolds number; also shown in fig. 2 are some hypersonic base pressu¬ 

re values measured by Softley, Muntz and Zempel 7) and by Dewey 8) 

respectively, although the test gas and model shapes were different 

from the present conditions. 

A schlieren-interferometer system had been used to visualize the wake 

angle ß which was found to increase with increasing Reynolds number, 

see figure 3. Less accurate methods, a separating oil-film technique 

and a pitot-pressure-survey of the near wake, displayed the same quali- 
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tative results. The measured base pressure, p and the inviscid 

stream parameters M , p can be used to calculate the deflection 

angle ß; however, the Prandtl-Meyer-angles obtained in this way, 

are not consistent with the visualized wake angles ß: the measured 

angle being much greater than the Prandtl-Meyer-angle. This led to 

the conclusion that the body boundary layer expands into a wide fan of 

diverging streamlines, the inner streamlines with a lower local Mach 

number expanding at larger angles than the outer streamlines near the 

inviscid flow. The visualized angles thus correspond to streamlines 

in the low Mach number part of the separated boundary layer. The 

following shows that this conclusion needs some modification. 

3. INVISCID MODEL OF SEPARATING BOUNDARY LAYER 

An inviscid model for the supersonic and hypersonic boundary layer 

separation and its application to the near wake problem has recently be 

given by Weinbaum ^ and by Weiss and Weinbaum 10^. A characteristic 

solution for the non-isentropic Row expansion at the wedge shoulder 

yields - as well as a second order theory by Weinbaum - that the stream¬ 

lines leave the expansion fan under different deflection angles correspon¬ 

ding to their local Mach number. This fan of diverging streamlines is 

compensated by a secondary wave system: rarefaction (expansion) 

waves or compression waves depending on whether the deflection angles 

are decreasing or increasing with local Mach number in the boundary 

layer. The boundary layer is represented in this model by a layer of 

streamlines each of which being at a different entropy level, and the 

secondary waves can be regarded as reflections of the Prandtl-Meyer- 

expansion waves at the entropy discontinuities. 

The secondary waves travel through the free shear layer into the lower 

Mach number region and are reflected - according to this inviscid 
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model - at the local M= 1-surface as waves of the opposite sign 

(figure 4). Secondary expansion waves are reflected as compression 

waves, and the . . are supposed to form a separation shock or "lip 

shock" downstream of the expansion. The net effect of this process is 

that all streamlines of the free shear layer - after having passed 

through the primary expansion and the complete system of secondary 

and secondary reflected waves - are at equal static pressure and 

equal direction ß . If ß^ be the Prandtl-Meyer-angle for the inviscid, 

outer flow through the primary expansion, then ß' Cß , and the ex- 
0 

pansion of a hypersonic How would only yield small deñection angles 

once the secondary wave process can be completed. 

This secondary wave system is an inviscid model to describe a How 

pattern which underlies viscous effects. It has been shown, 11^, that 

this model allows for drawing some conclusions concerning the in¬ 

fluence of Reynolds number, e. g. on the strength of the lip shock. 

However, this model does not allow for explaining the large deflection 

angles which have been measured in the near wake of the wedge, as 

described in . The interaction of the secondary waves with the 

entropy discontinuities in the free-shear-layer flow will be studied 

in the following paragraphs to yield a better agreement with the ex¬ 

perimental data. 

4. INTERACTION OF EXPANSION WAVE 1 WITH A LAYER OF 

ENTROPY DISCONTINUITIES 

The interaction between a (rarefaction or compression) wave of inten¬ 

sity 1 and an entropy discontinuity has been analyzed by Ferri l2\ 

Following his notation of characteristic numbers C^ C , the process 

of reflection and refraction of the incident wave (of intensity 1) is des¬ 

cribed by the values of ¿ and e (see figure 5): 
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<5 1 
1 - tan oc 
1 + tan oc ’ n ( D 

(2) 

P|. 311 d are the stagnation pressures on both sides of the entropy 

discontinuity. If the intensity of the incident wave is not 1 but k, then 

= k * ^ , ek = k . c, 

The refracted wave which is of intensity may interact with a 

second entropy discontinuity where the same process takes place, etc. 

After the interaction with the n-th discontinuity the characteristic 

numbers in the 5 regimes 1, 2, 3, 4, 5 (see figure 5) are : 

1: 

2: 

3: 

4: 

5: 

(n) 

(n+1) 
J 

(n) 

(n) 

(n+1) 

(n) 

(n+1) 

^1^2 ' * ' 

61 ^2 " ' 

¿1¿2 

f -j j n-1 

'n-V 

n 

(n) 

(n) 
-¿r¿2- 

(n+1) 

6 cf 
n-1 n 

n 

77! lea n 
1, e. g. in the 

The refracted wave has now the intensity £ • 6 • • 
1 2 

an intensity smaller than unity as long as always £. 

case of pt > pt and M < /if . The intensity of the wave is conti 

nuously weakened when the local Mach numbers on the path of the wave 

are decreasing and approaching 1. To show that the intensity of the 

wave vanishes when it approaches the M = 1-surface requires a separate 

investigation of the product JT (£.), see Appendix. 
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lhe interaction phenomena may now be applied to the secondary wave 

system occuring in the supersonic and hypersonic near wake. On their 

way to the lower Mach number regime in the free shear layer the 

secondary expansion waves are refracted, and are partly reflected in 

form of (tertiary) compression waves as long as the local Mach num¬ 

ber M >\T2 . The intensity of these tertiary compression waves is 

vanishingly small. Between the M - VÏ - and the M= 1-surface the 

total intensity of the incident wave is reflected in form of waves of the 

same sign, so that the intensity of the incident wave becomes zero 

when it approaches the M= 1-surface: the incident secondary wave 

cannot be reflected, therefore, as a wave of opposite sign at the M* 1- 

surface, and the streamlines near the M = 1-surface are not deflected 

significantly by the secondary wave system from their original direc¬ 

tion. A rough approach to this process is that the secondary expansion 

waves be reflected as expansion waves at the M= sfY -surface, which 

represents the situation fairly good once the inviscid stream Mach 

number M3 is much greater than v/T. 

The formation of the lip shock can be explained by secondary com¬ 

pression waves which are reflected below the M 3 -surface as 

waves of the same sign, and by the above mentioned tertiary com¬ 

pression waves. Whether these compression waves can converge to 

form the lip shock depends on both Reynolds number and Mach number: 

The secondary wave reflections and the formation of the lip shock must 

be completed within a regime close to the wedge shoulder, i. e. long 

before the recompression process at the wake neck begins. The 

average distance between the wake neck and the wedge base, s , is 

between h/2 and h, h being the base height. The length of the 

regime in which the secondary waves are reflected must be much 
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smaller than this distance s to allow for forming the lip shock. At 

supersonic velocities the separation shock appears, therefore, only 

when the thickness of the separating boundary layer is small compa¬ 

red to the base height, i.e. at high Reynolds numbers. The strength 

of the separation shock decreases with decreasing Reynolds number 

and disappears completely when the boundary layer thickness is of 

the same order of magnitude as the base height. 

Figure 6 shows the development of the free shear layer in the near 

wake behind a 7. 5° half angle wedge in helium How at a free stream 

Mach number of 11, thus representing a case that corresponds to the 

before mentioned experiments, . The inviscid flow Mach number at 

the outer edge of the body boundary layer is M = 6. 45; the Mach 

number profile in the boundary layer has been calculated according 
13) 

to Nicholl . It is assumed that the M = 1-streamline be deflected 

by an angle of = 30°. The Prandtl-Meyer-expansion at the 

wedge shoulder is concentrated into one single line. The secondary 

expansion (rarefaction) waves, calculated as reflections of the 

primary expansion at the entropy discontinuities, travel through the 

free shear layer and are reflected - according to the above rough 

assumption - at the M= \¡ 2 -surface as waves of the same sign. 

Because of the high local Mach numbers or the relatively small 

Mach angles the reflection process can only be completed for a few 

secondary waves within a distance smaller than h/2 from the wedge 

base; therefore, a separation shock cannot be formed, and the diver¬ 

gence of the streamlines in the free shear layer cannot be compensated 

before the recompression at the wake neck starts. The initial direction 

of the streamlines near the M* 1-surface, however, remains nearly 

unchanged, since the intensity of the secondary waves becomes zero 

near that surface, and this explains the relatively large deflection 

angles which had been observed in the experiments. 



All streamlines in the free shear layer have the same direction once 

the process of the secondary wave reflections can be completed- this 

may he realized - as shown above - only in the supersonic, high-Rey- 

nolds-number near wake, and it explains the agreement between the 

Prandtl-Meyer angles calculated from the measured base pressure 

and the visualized wake angles, as reported by Lehnert and Schermer- 
horn . 

To summarize: A separation shock can be formed in the supersonic 

near wake at high Reynolds numbers only, when the boundary layer 

thickness is small compared to the base height, whereas this shock 

cannot be formed in hypersonic flow, even at high Reynolds numbers, 
ue the small Mach angles. 
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APPENDIX 

12) 
The logarithmic term in equation may be replaced by an expression 

containing the local Mach numbers M1 and M11 ■ the static pressure 

on both sides of the discontinuity is the same, therefore: 

tan ot 
'*-±3-r -¿ra ^ M (M -1) M' 

If the net work of entropy discontinuities is chosen very narrow so thaï 

the difference A M 

higher order may be neglected, then 

r>2 

M1 - m" be small and (AM)2 and terms of 

tan <x = 1 2 -M 

m'2- 1 

AM 
M' 

The i-th factor of the product ( j . | .) can be written: 

and 

i+1 

f Mi 

2 • (M 
,2 

D 

f(M!) - a. 

g(Mj) - a. 

(2 - m!2) 
i 

AM 
m 

M] 

;J 
(2 - Ml2) . AM 

x M. 
i 

f (m!) 

g (MÎ) 

a. 
i 

4 m: am 
M.' 

i 

For the secondary waves between the M «/T- and the M=l-surface: 

M 1> M , £. < 1, and therefore 

e. 
i+l £. 

The network of entropy discontinuities may be chosen infinitely narrow, 

i. e. A M —* O; one needs then an infinite number of steps to approach 

the M-l-surface. The last step on this way (M** = 1) is described by the 

limiting value 
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lim (tan »c ) a — 

M" -1, 

A M -► O 

and therefore 

lim ( C p * j 

M" * 1, 

A M -► O 

From this and the condition C. < 1 one may deduce that the product 

O© 

lim (J7i £ i ) ° for m”i. 

The intensity of the incident wave therefore becomes zero when the 

wave approaches the M*l-surface. 
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SOMMAIRE 

On présente les résultats d'une étude expérimentale de sil¬ 

lages de cylindres et de dièdres (d'angle au sommet 10°), en écoulement 

de gaz raréfié. Le nombre de Mach est voisin de le nombre de Reynolds, 

basé sur le diamètre du cylindre ou la longueur du dièdre, est égal 

â 533 et 870 pour le cylindre, et 2540 pour le dièdre. Les techniques 

expérimentales utilisées sont décrites : exploration de l'écoulement 

a l'aide d'un tube de Pitot et d'un fil chaud, et visualisation. Le 

proche sillage n’a plus une structure nettement définie, comme aux 

grands nombres de Reynolds ; les effets de viscosité rendent les 

caractéristiques du sillage de plus en plus diffuses, lorsque le 

nombre de Reynolds décroît, et ceci beaucoup plus rapidement pour le 

dièdre que pour le cylindre. 

Cette étude a été complétée par des mesures de pressions de 

paroi et de pressionsde culot â des nombres de Mach 2 et 4, et pour 

des nombres de Reynolds variant de 34 à 1400 pour le cylindre, et de 

137 â 2660 pour le dièdre. 

SUMMARY. 

The results of an experimental study of wakes behind cylinders 

and wedges (total angle - 10»), at Mach number 4, in rarefied gas flow, 

are presented. The values of the Reynolds number, based on cylinder 

diameter or wedge length, are 533 and 870 for the cylinder, and 2540 

for the wedge. The experimental techniques used are described : measure 

ments with a Pitoc tube and a hot wire, and visualization. The results 

show that the near wake has lost the well defined structure found at 

high Reynolds numbers ; viscous effects make the wake characteristics 

more and more diffuse, as the Reynolds number decreases, this pheno¬ 

mena being more rapid for the wedge than for the cylinder. 

Measurements of surface pressure and base pressure have been 

carried out at Mach numbers 2 and 4, and over a range of Reynolds num¬ 

bers 34 to 1400 for the cylinder, and 137 to 2660 for the wedge. 



NOTATION 

surface latérale du fil 

demi-épaisseur du culot pour le dièdre 

constante de Chapman-Rubesin 

coefficient de pression ■ (p - p,« )/1 p U2 

diamètre du cylindre 1 

coefficient de convection - Q /A(T - T ) 
c eq r 

intensité du courant électrique 

longueur du dièdre 

nombre de Mach de l'écoulement libre 

pression, pression de paroi 

pression de culot (pression è 6 - 180* sur le cylindre) 

pression moyenne de culot (pour le dièdre) 

pression effectivement mesurée par un tube de Pltot 

pression totale derrière une onde de choc droite 

puissance reçue par le fil par convection 

puissance perdue par le fil par rayonnement 

résistance électrique 

nombre de Reynolds - Uw d/ fi ^ 

nombre de Reynolds basé sur la viscosii é à la température 

d'arrêt - U^, d/ p0 

nombre de Reynolds â la distance x de l’arête du dièdre 

- u« P- */ P «, 
nombre de Reynolds basé aur les conditions qui existeraient 

á la paroi du dièdre en fluide non-visqueux ■ Pj x/ 

température 

température d'équilibre du fil 

température de frottement du fil 

température génératrice 

température de la paroi interne de la jauge 

vitesse de l'écoulement libre 

distance sur une face du dièdre mesurée 3 partir de 1'arête 

distance sur l'axe du sillage 
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épaiaaeur de déplacement de la couche limite 

0 azimut d'un point sur le cylindre mesuré à partir du point 

d’arrêt 

paramètre d'interaction visqueuse modifié (equ. 1) 

coefficient de viscosité 

masse spécifique 

émissivité 

Indices 

QQ caractérise l'Écoulement libre 

^ caractérise les conditions sur le dièdre en fluide non-visqueux 



1. INTRODUCTION 

Une quantité importante de résultats expérimentaux et théori¬ 

ques est déjà disponible en ce qui concerne les sillages supersoniques 

et hypersoniques à des nombres de Reynolds élevés. Par contre, les études 

dans des conditions d’écoulement caractérisées par un nombre de Reynolds 

faible ou modéré, sont beaucoup moins nombreuses (1 , 2 ) . De telles 

conditions se rencontrent à des altitudes très élevées, là où les pre¬ 

miers effets de la raréfaction de l'atmosphère se traduisent principa¬ 

lement par une diminution du nombre de Reynolds, c'est-à-dire une augmen¬ 

tation, qui peut être considérable, des épaisseurs de couche limite. 

Lorsque l'altitude augmente encore, les effets de glissement et de saut 

de température à la paroi interviennent ; ce régime, dit de glissement, 

correspond approximativement aux valeurs du paramètre M/ Jl,/Â comprises 

entre 0,01 et 1. L'écoulement entre ensuite dans le régime de transition 

et enfin dans le régime moléculaire libre, domaines de la théorie ciné¬ 

tique des gaz. 

L'étude expérimentale de sillages présentée ici se rapporte 

à des conditions d’écoulement allant du régime continu à nombre de 
3 

Reynolds modéré, de l'ordre de 10 , au régime de glissement. Les expé¬ 

riences ont été faites dans la soufflerie à basse densité SR 3 du 

Laboratoire d'Aérothermique, pour des nombres de Mach de 2 et de 4, 

à des pressions statiques comprises entre 15 et 60 microns de mercure. 

L’étude expérimentale comporte des mesures de pression de paroi et de 

pression de culot, des explorations du proche sillage au tube de Pltot 

et au fil chaud}et des visualisations de l'écoulement. 

L'étude des sillages de cylindresa fait l'objet d'une thèse( 1 ) 

en ce qui concerne les sillages de dièdre s ¿es résultats présentés ici 

sont des résultats préliminaires obtenus à l'aide d'un seul modèle. 

L’étude doit être poursuivie à des nombres de Reynolds plus variés, et 

à des nombres de Mach plus élevés. 
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DISPOSITIFS EXPERIMENTAUX 

2.1 Mesure de» pressions 

Les mesures de pression ont été faites â l'aide de jauges 

â fil chaud construites au laboratoire. Elles fonctionnent sur le prin¬ 

cipe de la jauge de Pirani. Si T est la température de la paroi intëri- p 
eure de la jauge, et si le fil chaud, parcouru par un courant d'intensité 

i, prend une température d'équilibre T , la pression p dans la jauge 
CCJ 

est de la forme : 

f = ( \ 
Il faudrait opérer à intensité i et à température T cons¬ 

tantes, aussi bien au cours des mesures qu'au cours de l'étalonnage 

pour que la pression p soit fonction de la seule température T . Pour 

ne pas courir le risque de variations accidentelles de i et de T , 
P 

nous avons préféré opérer de manière différentielle (fig. 1) en plaçant, 

dans le pont ds Wheatstone qui contient le fil de la jauge, un fil 

identique placé dans une ampoule vide. Un même fluide, maintenu 1 

température constante T^,circule autour de la jauge et de l'ampoule. 

Ainsi une légère variation sur l'intensité i ou sur la température T 

agit pratiquement de la même façon sur les deux éléments symétriquement 

placés dans le même pont et, par suite, n'influence pas la mesure four¬ 

nie par un milllvoltmètre placé dans la diagonale du pont. 

La jauge est constituée par une double enveloppe cylindrique 

suivant l'axe de laquelle esttendu un fil en platine de diamètre 0,02 mm. 

(fig. 2). Avant chaque mesure, les jauges sont étalonnées en maintenant 

le caisson à diverses pressions, et en mesurant ces pressions à l'aide 

d'une jauge de Mac Leod. On obtient ainsi, pour chaque jauge, une courbe 

donnant le déséquilibre du pont, mesuré en millivolts, en fonction de 

la pression. 
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2.2. Mesure à l'aide d'un fil chaud 

2.2.I. Principe 

fuerte He rífí dífflcultés ^érentes â l'emploi d’une sonde à fil chaud 
(perte de chaleur par rayonnement et perte de chaleur par conduction 

vers les extrémités) prennent une importance relative accrue quand cette 

«onde est utilisée dans un écoulement à basse pression. 

Nous avons supprimé les pertes de chaleur par conduction 

en portant les supports a la même température que le fil : une résis¬ 

tance de chauffage entoure chacun des supports. U mesure de la tempéra¬ 

ture des supports est faite â l'aide d’un thermocouple. Un asservisse¬ 

ment permet de fixer cette température â la valeur voulue. 

Pour corriger les pertes par rayonnement, nous avons déter¬ 

miné expérimentalement l'émissivité £ du fil : l. fu étant tinten* 

à température const inte, nous faisons varier la pression du gaz dans 

1 enceinte ; par extrapolation â une pression nulle, on en déduit € , 

qui est voisin de 0,1. 

2.2.2. Réalisation 

Le fil de platine, de 0,02 mm de diamètre et de 2,2 cm de 

long, «t tendu «ntt. deux «Iguin., d. 0,5 o. d. dlmitr., qui con.ti- 

t«.nt 1« .upporu. C. £11, d. rf.l.Unc. R,„t p.rcouru p.r un cuurnnt 

d'intennltë 1. Il prend «lot. une temperature d’equlllbre T qui e.t 

définie par le bilan thermique eulvant ! 11 reçoit une puleïence RI2 

pur effet Joule et une pula.ince Qc per convection. Il perd une pule- 

•anca Qr per rayonn««.rt ; l. chauffage du aupport empêche lea pertaa 

par conduction. Le bilan se résume par l'équation s 

Ri2 ♦ Qc • Qr 

U connaissance de la température des parois de la soufflerie 

et de la température du fil (par mesure de sa résistance), permet de con 

naître Qc, que l’on écrit : 

: 

Qc ■ Ah (T#q - Tf) 

iS
»«

«»
»«
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oü A esc l’aire latérale du fil et h le coefficient de convection. 

En mesurant ainsi Qc pour diverses valeurs de T^, on peut 

tracer la droite donnant Q en fonction de T .La pente de cette 
c eq r 

droite permet de calculer h. On peut, d'autre part, déterminer la tempé¬ 

rature de frottement du fil puisque T{-Teq pour Qc - 0. 

Le fil étant très fin, l'écoulement autour de la sonde est 

moléculaire libre ; la mesure faite avec une telle sonde ne dépend 

donc pas de l'état de raréfaction local du gaz par rapport â la sonde. 

D'autre part, l'interprétation des mesures ainsi obtenues est rendue 

plus facile du fait que les transferts de chaleur sont bien connus 

pour ce type d'écoulement. 

2.3. Visualisation 

La visualisation de l'écoulement autour de la maquette 

est obtenue par ionisation du gaz par excitation électronique dans un 

champ électrique alternatif haute fréquence. La luminosité de l'écou¬ 

lement provient de la désexcitation des molécules qui suit la recorabi- 

nalson,et ses variations suivent celles de la densité. Pour obtenir une 

meilleure luminosité, nous avons remplacé l'air par l'azote. 

Cette technique a déjà été beaucoup utilisée à Mach - 2; 

la bobine d'induction est placée autour d'un tube en pyrex prolongeant 

en amont la chambre de tranquillisation où règne une pression de l'ordre 

de 500 microns de mercure. A des nombres de Mach plus élevés, la pression 

de la chambre de tranquillisation atteint quelques millimètres de mercu¬ 

re et, avec un générateur de fréquence d'environ 20 MHz, l'ionisation 

n'est plus possible avec le dispositif précédent. La bobine d'induction 

est donc placée autour d'une tuyère en matériau Isolant (fibre de verre 

moulée),entre le col et le plan de sortie, à l'intérieur de la chambre 

de tranquillisation. Dans la tuyère, la oression au droit de la bobine 

est très proche de la pression de la veine et l'ionisation s'amorce bien 

nous avons même constaté, que, par phénomène de rétrodiffusion, cette 

ionisation arrive à s'étendre jusqu'au col. Par contre, la pression géné- 
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ratrice, autour de la tuyère, est suffisamment élevée pour que la dé¬ 

charge haute fréquence ne puisse s’amorcer aux bornes de la self, si 

l'on prend quelques précautions relatives â la distance entre les con¬ 

ducteurs et â la tension d’alimentation. 

Dans ces conditions, la fréquence de collision des électrons 

avec les particules neutres est très supérieure à la pulsation du champ 

électrique, et seuls les électrons gagnent de l'énergie ; l'échange d’é- 

nBrBie entre les électrons et les particules neutres est très faible 

compte-tenu du rapport des masses, et ainsi le gaz ne subit qu'une 

très faible élévation de température ; les caractéristiques aérodynamiques 

de l'écoulement ne sont donc pas modifiées par l’ionisation. 

3‘" ETUDE DU cylindre 

3.1 Pression de paroi 

3.1.1. Dliposltif expérimental 

Les maquettes utilisées sont des cylindres de laiton de dia¬ 

mètre 10 mm, 14,8 mm et 15,6 nm. Ces cylindres sont solidaires de l'arbre 

d'un moteur du type Stéro-Moteur pas â pas 1 200 positions, placé dans 

la soufflerie. Le moteur est relié â un coffret d'asservissement placé à 

1 extérieur de la soufflerie. Cet ensemble permet de faire tourner le 

cylindre et de fixer l'azimut de la prise de pression à 1/3 de grade 

près. L'orifice de mesure de pression a un diamètre de 0,4 mm. Le fil 

de la Jauge est placé dans le cylindre â la hauteur du palier qui sup¬ 

porte ce cylindre. 

Pour un nombre de Mach donné, nous avons fait varier le 

nombre de Reynolds et le nombre de Knudsen, soit en agissant sur la 

pression statique de l'écoulement, soit en faisant varier le diamètre 

du cylindre. 
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3*i*2» Rëfultat général 

A titre d'exemple, nous avons porté sur la figure 5 , pour 

divers nombres de Reynolds, la variation du coefficient de pression C 

en fonction de l'azimut 0 pour un nombre de Mach de 2. La courbe corres¬ 

pondant â X - 10 a été obtenue dans la soufflerie supersonique SS 1 du 

laboratoire d'Aérothermlque. 

On peut constater, sur cette figure, pour tous les points 

situés sur la face amont du cylindre, que le coefficient de pression 

CP *Ugmente quimd le norabre de Reynolds diminue. Ce résultat s'explique 

P« l'augmentation importante de l'épaisseur de la couche limite le long 

de 1. paroi du cylindre quand le nombre de Reynolds diminue. 

3*li3. Pression de culot 

Nous «VOM porté, .or la figure 6, le. courbes donneur p/p 

» l'arriére du cylindre pour diver, nombre, de Mach et de Reynolds, alñsi 

Ru. deu, courbe, obtenue. p,r Devey (5) a de, nombres de Reynolds supe¬ 

rior.. Considérons celle correspondant 3 un nombre de Reynolds de 

7,9 10 : pour de. valeur, de 6 comprl.es entre HO' et 170', 1, courbe 

présente un "plateau''. L'exlatence d, cette région 3 pr...io„ c0„„.nte 

Justifie l'hypothé,« classique d'une ton. d. mélange l.ob,re. D«»„. . 

également noté, .ur cette courbe, une trê. légère augmentation de pre.alon 

de. angles vol.in. de 180-. Cette augmentation d. pression serait due 

â 1. présence du point d'arrêt de l'écoulement recyclé .e dirigeant ver. 

le cylindre. 

^ On remarque 1, courbe correspondant â „„ „ombre de Reynolds 

1.9 10 présente plu. d. "plateau". Ceci veut dire que, déjà a 

ce. „ombra, d, Reynold., l'hypothé.. d. 1. d. mélange a pr.„ltln 

constante n'a.t plu, v.i.bl,. Ce phénomène ,.t .„core plu, marqué sur le, 

courbe, que „ou. .,o„. obtenue, pour de, nombre, d. Reynold, beaucoup plu, 

faible., 3 ..voir 154. 86 et 52. SI l'on admet qu. 1. région d, décolle¬ 

ment de la couche limite correspond 3 1. partie de 1. courbe où 1. pre¬ 

stan est minimale,on re^rqu. ,„e «tte région corr.apond a de. angle. 
de Plu* “ plu* i M*u" R“« !• nombre de Reynold, diminue, ce 

qui veut dire que 1. couche limite pénètre d, plu, en plu. dan. 1, région 
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.nui. Immédiatement 3 L'.v.l du eyllndr«. Sur la courbe correapundant 3 

un nombre de Mach 2 et 3 un nombre de Reynold. 22, on ne décèle pratiquement 

plu. de minimum de pre.alon, ce qui voudrait dire qu'il n'y a plu. réelle¬ 

ment de décollement de la couche limite et que la tone de recirculation a 

prati^ “ment disparu. 

La figure 7 donne les valeurs expérimeutales du rapport pK/p 

en fonction du nombre de Reynolds Ä _ j t w 
Reynolds , pour des nombres de Mach 2 et 4. 

Pb pression de paroi pour ô ■ ifin® o*- H ï . 
, H p r ® “ 1Hn . et Jl0le nombre de Reynolds 

calculé pour température éqale 3 la température d'arrêt du car. Sur cette 

fleure on remarque que le. poi„t. expérIment.u. corre.eondant 3 un nombre 

e Mach ,e trouvent eut une courbe dé]3 obtenu, par d'autre, auteur. 

(5,6,7) pour de. nombre, de Reynold. pl„, élevé., alor, que le. points 

expérimentaux correspondant â un nombre h» o 
h ^ un nombre de Mach 2 se trouvent tout à fait 

en dehor, de cette courbe. Le fait que, pour de. nombre, de Mach .„pérleur, 

, ou. le. point, expérimentaux .e trouvent aur une courbe unique, .1- 

«n fie que 1. valeur du rapport pb/p„ „e dépend que du nombre de Reynold. ::;rr de M*ch soit *4 c. ré.uit.t ..mbi, 
se verifier meme aux très falhlA« j « , , 

taibles nombres de Reynolds «que nous avons 
obtenus. 

3 2 —11(16 â l'aide d'un tube de Pirnt- 

tlon eéo ée ^ Mt0t .„rtout un, de.crlp- 
m r que u .lllage, car 11 e.t pratiquement Imponible d’effectuer 

ur le» meaure., le. correction, duer 3 la vl.co.lté et 3 la raréfaction du’ 

. cependant, le. me.ure, q„. clt<,ni lcl ont M effectllé(!J ä dM 

press ons supérieures â 40 microns de mercure í l'airia d* u j 
ae mercure ä 1 aide d'un tube de Pitot 

de diamètre relativement grand Í2 S mml r 
8 ° {2>5 "»")• Ces corrections restent donc 

taibles, et la valeur p de la nroaetnn , % , 
Pt ia pression ainsi mesurée à l'aide de ce tube 

est assez proche de la pression d'arrêt locale. 

A titTe d’e>tenple’ nous donnons, sur la figure 8, les lignes 
d egale pression d’arrêt dans le sillaee d’un ovHnH« 
M»rb Ha ■> oc *, «mage d un cylindre pour un nombre de 

„a i d I Un n0mbrC de Reyn0ld8 533- Ce8 llRne8 80nt obten1166 * partit de 1. fl8„re , „a l'0„ , tr.çS u „rI,tlo„ de ^ 

éa y pout divet... ..laut. d. Sut cette detniêt, figute.l p,„t 
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remarquer la forte élévation de pression à la traversée de l'onde de 

choc (par exemple Pc/Pt00 - 2 pour 2x/d - 1 et 2y/d - 4), qui s'explique 

par le tait que le tube de Pltot mesure alors la pression d'arrêt derrière 

une onde de choc oblique. 

Les courbes correspondant à des explorations faites dans le 

sillage du cylindre présentent de la même façon un maximum, mats beau¬ 

coup moins aigu (par exemple 2 y/d - 2, 2x/d - 9). Par analogie, nous 

pensons que cette augmentation de pression est due â la présence d'une 

zone de recomprension, correspondant à l'onde de choc du sillage aux grands 

nombres de Reynolds. 

3.3. Exploration au fil chaud 

3.3.1. Expériences ; 

L'Indication donnée par cette sonde est Indépendante de l'o- 

rlentatlon du vecteur vitesse, pourvu que ce vecteur soit contenu dans 

un plan perpendiculaire au fil. Par conséquent, cette sonde est tout in¬ 

diquée pour étudier l'écoulement de culot, immédiatement à l'aval du cy¬ 

lindre, région où les lignes de cturant peuvent être très inclinées. Les 

expériences ont été faites pour un nombre de Nach 4 et une pression statique 

de 60 microns de mercure. Le diamètre du cylindre était de 15 no. 

Les figures 10 et 11 montrent la variation en fonction de y , 

et pour diverses valeurs de x, du rapport (h - h^/h^ , oü h est le 

coefficient de convection entre le gaz et le fil en un point du sillage ; 

l^et h^ sont les valeurs que prend h respectivement sur l'axe du sillage et 

dans l'écoulement libre. 

Les résultats concernant la température de frottement Tf du 

fil sont donnés dans la figure 12 sous la forme de courbes oü le rapport 

^Tf “ To^Tfoo” V ®*t con®tant* D*"® cette expression, Tfest la tempé¬ 
rature de frottement du fil, relative ä un point du sillage, T, est la 

foi 
valeur de Tf au loin et Tq est la température génératrice. 

3.3.2. Interprétation des résultats 

On peut voir sur la figure 11 qu'il existe toute une région, 

& l'aval du cylindre, où le coefficient h est minimal pour chaque 
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section. Cette région correspond â une zone où la vitesse elle-même 

est faible. Par conséquent, la ligne pointillêe que nous avons indiquée 

délimite la zone d'air mort où se trouve l'écoulement recyclé, zone de 

mélange exclue. Le point d'arrêt B de cette ligne se trouve à une dis¬ 

tance d’environ 3/4 d en aval du cylindre. Dewey (5), pour M - 6 et 

- 2,2 10 , trouve que le point d'arrêt du sillage est situé à environ 

l,9d du cylindre. On voit que la longueur de la zone de recirculation di¬ 

minue rapidement lorsque il diminue. En extrapolant la ligne pointillêe 

vers le cylindre, on trouve que le point de décollement A correspond â 

un angle de 132*. Si l'on se reporte à la figure 6 et que l'on considère 

la courbe 154 ( K, ■ 565) en admettant que le minimum de cette 

courbe définisse la région de décollement de la couche limite, on voit 

que le décollement se produit â 134* environ, valeur qui concorde à 

peu près avec la précédente. 

A 1 extérieur de cette région, le coefficient h augmente 

rapidement lorsque l'on s'éloigne de l'axe du sillage ; cette variation 

correspond à l'augmentation de la vitesse à la traversée de la zone de 

mélange qui prolonge la couche limite décollée au point A. Lorsqu'on 

s'éloigne encore de l'axe et que l'on quitte cette couche visqueuse, 

la valeur du coefficient h diminue à nouveau ; cette région où le coef¬ 

ficient h est plus faible correspond à l'onde de choc très faible 

qui accompagne la séparation. U figure 12 met en évidence la zone de 

mélange très épaisse ; dans cette zone, la température de frottement 

varie très rapidement et les lignes d'égale température de frottement 
y sont très resserrées. 

Considérons maintenant l'écoulement au delà de la zone de 

recirculation (fig. 10) : la partie de la courbe 1 comprise entre les 

points 0 et A correspond â une région de l'écoulement où le coefficient 

h est relativement faible et augmente à mesure que l'on s'éloigna de 

1 axe. Nous attribuons cette variation du coefficient h à une variation de 

la vitesse. La partie OA de la courbe 1 définit donc le sillage visqueux 

proprement dit. Entre les points B et C, on note un brusque alaissement 

du coefficient h puis, à partir de C, ce coefficient augmente réguliè- 
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renient à mesure que l'on s'éloigne de l'axe. La brusque variation de h est 

due 3 la présence de l'onde de choc du sillage, qui semble, en tait, être 

plutôt une zone assez large de recompression. La frontière du sillage vis¬ 

queux montre un col, situé 3 environ 1,1 d en aval du cylindre, et d'épais¬ 

seur voisine de 0,4 d. Dans la région du col, la courbe 2 présente deux 

bossss, qui sont sans doute dues à l'influence combinée de l’onde de choc 

de séparation et l'onde de choc du sillage. 

4* ~ ETUDE DU DIEDRE 

4.1 Généralités 

Nous présentons les résultats obtenus dans le cas d'un écoule¬ 

ment autour d'un dièdre d'angle au sommet de 10*. de longueur L - 5,71 cm 

et d'épaisseur au culot 2 a- 1 cm. L'arête du dièdre a une épaisseur 

inférieure à 0,07 imn. Des mesures de prealon de paroi et de pression de 

culot ont été effectuées pour les conditions d'écoulement données dans 

la table I. Le diamètre des orifices de pression est de 0,3 mm. Les condi¬ 

tions thermiques sont celles d’une paroi adiabatique, la température 

d arrêt étant de 20*C environ. Une exploration de l'écoulement autour du 

dièdre et dans la région initiale du sillage à l'aide d'un tube de Pitot, 

a été faite pour un nombre de Mach 3,86 et une pression statique dans la' 

veine de 53,5 microns de mercure. Le montage en soufflerie, pour les 

mesures de pression de paroi, est présenté dans la figure 3. 

4.2 Pression de paroi 

Les pressions de paroi mesurées sont données dans la figure 

13 sous la forme p/P1 en fonction du paramètre d'interaction visqueuse 

édifié, X, , défini par : 
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sont 
fl 

L'indice . s, rapporte aux coodltlopa ,ul e.l.t.r.lept ä „ paroI du 
ledre e„ Holde „„„ Les vaIeurs de 

données dans la table I. 1 U a1l 

La definition de v a i % 

1. d'one Ipter.ctloo Z»' ^ ^ Pr',Sl™ 
supersoniques linéarisés : > Par a ormule des écoulements 

JP_ 
= ï 4- * M,1 dà* 

~7Z (2) 

. . 1 ^ ’ lation (2) devient identique 3 celle nue 1' 
obtient par la méthode dite du diéHr» ^ 9 H q 1 on 
« * d dlèdre tancent, toujours dans le r»» a» 
interaction faible. Cette - - d une 

1er r nous 6 3 ^ UtUÍ8ée Par («)• Pour calcu- 
¿ , nous prenons, comme Hayes et Prcbstein (9) la solutf k 

par Crocco, c'est-à-dire, dans le es» H- ’ 8°lutlon obtenu* 
facteur themH Une paro1 adiabatique, et pour un acteur thermique pariétal éRal 3 0 85 • * P ur un 

r = X (l,73 + 0,444 MÍ ) 
(3) 

Les équations (2) et (3) donnent ainsi : 

JL 1 0,31 
(4) 

.»"«r»™:.“" - --- - -■ - 

f <ui LeS Valeurs de dans le» conditions d'expérience so-.t r 
1.1 1« Pour qoe rcl.rleo (q, olt blen vfrlfl,e. d 

.n fait pour bot de pettre e„ evidence ri„„„enc. de ° " * 

complexes qol eotrent en J.o lor.que - decroU ‘" 'J” f5"™5“* 

principalement, le slU.„ent , ^ 

l'Interaction vl.qoeo.e 1, "lnUer 0« 
classions à s , ’ progressif d'une couche limite 
classique â un écoulement viaousnv «n ï 

visqueux oQ le. approxlmstlon. d. 1. cou<.he 
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limite ne sont plus Justifiées,et enfin l'Influence du culot qui se fait 

sentir de plus en plus près du bord d'attaque. Il est difficile de séparer 

ces effets et la figure 13 donne seulement l’influence globale. On cons¬ 

tate que les courbes de p/Pl en fonction de ^ se composent d'une partie, 

près du culot, où la pression décroît très rapidement, et, en amont, d’une 

partie â peu près linéaire et parallèle â la courbe t éorlque. Dans cette 

partie linéaire, pour des valeurs de M, *lx, et donc de fixées, la 

pression décroît lorsque décroît. 

4*3 Pression de culot 

La pression sur le culot a été mesurée en quatre points situés 

à des distances différentes de l'axe (flg. 14). La pression décroît du 

centre vers le bord, phénomène déjà observé par Kavanau (2) et Cheng (10), 

et qu’ une étude théorique (11 et 12), valable en écoulement Incompres- ’ 

•ible, a mis aussi en évidence. Cette théorie a montré, en outre, que la 

décroissance de la pression est d’autant plus rapide que le rapport (f/a 

est plus petit, c'est-à-dire que le nombre de Reynolds est plus grand (<f 

représente l'épaisseur de la couche visqueuse à x - L). C’est ce que l'on 

vérifie très nettement sur la figure 14, puisque la pression redevient 

presque uniforme aux plus faibles nombres de Reynolds. Il semble donc 

que le phénomène de décroissance de la pression sur le culot doive passer 

par un maximum pour une certaine valeur du nombre de Reynolds, puisqu’aux 

grandes valeurs de la pression est uniforme sur le culot. 

La variation de la pression avec la distance y,est bien 

représentée par une loi parabolique ¡ mais nous n'avons qu'un petit 

nombre de points et 11 est possible que cette loi soit moins bien véri¬ 

fiée près du bord du culot. Une pression moyenne de culot pb a été 

calculée en utilisant cette loi parabolique : le rapport pb/Pl est 

donné, sur la figure 15, enfonctlon de *1L, le nombre de Reynolds cal¬ 

culé d'après les conditions qui existeraient sur le dièdre en fluide 

non visqueux. Les mesures de Cheng (10) pour un dièdre de meme angle 
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au sommet, à M - 4 et 6, SOnt aussi 
» ouui aussi portees sur cette fi»..*, n 

certaine dispersion qui, sans gtr(. , â , flgUre* 0n note 
H » «ns etre trcfs iuiDortanfa , 

définitivement quant se„, h. , , ^ ttiinte- "P'11’' d« conclure 
h «ne au sens de variation de En i 

moyenne du culot varie peu dan« la ^ f ’ U pre8!,lon 
P u, dans les domaines de Mach of- rio d , 

conaldéréa, et ré,uUats ' ^ ^ 
semblent Indiquer l'exl.tence d’un minimum. 

‘•4 flotation eu tube d. P!,.. 

Ine exploration de l'écoulement a été fait, 3 l'ata a. 
tube de Pitot de dUmêtte extérieur 3 mm , "" 
M ■ ’.»S, p . 53 5 _(r ‘ 1 POUr ‘P’ cnndltlona aulv.nte. : 

- représenté* aur là fi'rû ou“^"' ““V U 

de pression Pltot mesurée p /J ^ ! P°rt' ^ P*rt U* pr<,fu» 

distances ^ y> pPur différente. 

l'écoulement, déduite, de ce, proflllV' "ClP,le‘ c*r*ct<rl«tlque, de 
c ces profils de pression, r '„rioi__ 

pressions, pour un orofll m* i 8 ® <l®s 
pour un profil correspondant â x - -st HSo-ia j 

sorte que le nolnt v - . *1. «st décalée de telle 
le point x x, correaponde à !. pr.„lo„ ; 

U P0Sltl0" «' 1 'onda de choc ..t d?t, “ , 

... bpPPP ppi'‘»‘»"- U frontière de 1. couch, T 
corpa ..t hl.„ déflm,, „u ' lmlt* *ur U 

P- co PIOS imprécise l,r.,„, .'on a" 
courbe de nroRninn ce loare. A x ■ 6a, la 

caractérise 1. frontiJen"?“ ^ ^ 

»on viaqueux ; „„ p,ut didulre . , “ ‘ 

vil.... deviennent partout du même / / tr.n...r..„, de 

tlon antre ellleq. visqueux et .11 

ï:: 7' ”*■ -—-légère dimii:;:7dr;.p:;:.:r:;; t 
entre deux valeurs rapprochée« H. , P««slon Pitot 
« * * PProcnèes de y ; par analogie avec U v«r*.n , 
Pt â travers une onde de choc nn..« «fiation de 
correspond à une xone de ' penson* «Ju« cette diminution de pt 

P nu une xone de recompression, analogue à ^ 

sillage que l>0n observe au* ^ L °nde de choc du 
indique un rapport Á ¡n ^ Reynolds. La figure 16 

P w /<X » ail Culot* Voisin dm 1 fl ï 
(3) donne,pour Í*/a , 1,8, .lors que l'équation 

> p ur o / a , une valeur égale à 1 4 n ^ 
b a u est évident qu'il 
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n'existe plus de zone de mélange proprement dite, distincte de la zone 

de recirculation ; en fc.it, l’écoulement au voisinage du culot est en¬ 

tièrement visqueux et proche d'un écoulement du type de Stokes. 

La méthode de visualisation, déjà décrite, a été utilisée 

dans le cas du dièdre, pour M - 4, p^ - 15 et 60 microns de mercure. 

Pour une pression de 60 microns de me-cure (fig. 17), on retrouve sur 

la photographie la zone de recompression mise en évidence par l'explo¬ 

ration au tube de Pitot ; le sillage est visible ä des distances du 

culot égales à 2 ou 3 fois la longueur du dièdre. Au contraire, è 

la pression de 15 microns (fig. 18), la zone de recompression n'est 

plus visible et le sillage semble extrêmement court. 

Les figures 17 et 18 montrent comment évolue la structure du 

proche sillage lorsque le nombre de Reynolds décroît. Les régions à 

forts gradients (onde de choc, zone de mélange, sillage visqueux), 

nettement définies aux grands nombres de Reynolds, sont de plus en 

plus diffuses au faibles nombres de Reynolds, et laissent finalement 

la place â un écoulement entièrement visqueux où les gradients de 

pression et de vitesse sont partout d'un même ordre de grandeur. 
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Table I 
Conditions expérimentales 
dans l'étude du dièdre. 

et valeurs des principaux paramètres 
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Fig, 1 Circuit électrique de la Jauge de pression. 
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Fig. 2 Elément sensible de la jauge de pression. 



Fi*. 3 Montage des jauRes de pression en soufflerie (pour le dièdre). 



Fig. 5 Coefficient de pression en fonction de Tazimut sur un 

cylindre. 
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FiR. 8 Courbes d'égale pression Pitot dans le sillage d'un cylindre). 

(M - 3,85 , & - 533). 



Fig. 9 Profil,, en fonction 1. y, de 1, pr...l„„ Pitot d.„, l. 

sillage d'un cylindre. 



Exploration au fil chaud dans le sillage d'un cylindre 

(M - 4 , J\ - 870). 

Fig. 11 Exploration au fil chaud dans l'écoulement de culot d'un cy 

lindre (M ■ 4 , X ■ 870). 
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Fig. 12 Courbes d’égale température de frottement dan. le alliage d’un 

cylindre (M - 4 ,31- 870). 
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Fi«. IS ««..io« moyenne de culot, pour le dièdre, eu fonction du 

nombre de Reynolds. 
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Fit;. 17 Visualisation de l'écoulement autour de dièdre à M - 4 

to, * 60 microns de mercure. 

Fif». 18 Visualisation de l’écoulement autour du dièdre â M - 4 

15 microns de mercure. 
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SUMMARY 

. A series of tests were performed in the Jet Propulsion Laboratory ( TPT ) 
20-inch supersonic wind tunnel in order to determinethe effects of 
injecting nitrogen through the base of a wedge. These tests have shown 

• •• *•- 

Under these conditions the wake behind the model is laminar for at least 
eight inches (the maximum distance available). The model itself is a 
six-degree half angle wedge having a one-inch high porous base through 
which gaseous nitrogen can be injected. In addition, tie model has coolin, 

testete Jhr0Ugh Wí;ch 11 ^ trogen can be circulated, thus allowing ^ 
tests to be run with either adiabatic or very cold-wall conditions. 8 

basio measurements made in the wake were pitot pressure wake- 

íbese^ests^he1* PreSSUre’ ^ hot-wire anemometer measurements! In 
these tests the hot wire was used primarily as a device for obtaining 
mean flow quantities, not fluctuating quantities. The hot-wiíe-data 
corrected for end loss effects, were used in coniunction with th ’ 
data to determina «Ti « r? , conJunction with the pressure 
aaza to determine all of the flow quantities in the wake. To do so 
however one must use a rather complicated data reduction scheme develooed 

CvT; », A rey' HerZOg’ a"d Batt- at GÄCIT- make “’of P 

:::3o"i:^s?haracteristic3 the partiaai- “et8hrto 

1 j ^asurcments described above were obtained for both adiabatic and 
. .d"”a11 m°del conditions and for the cases of zero base iniection and an 

^ + TuSS fl0W rate equal t0 four per cent of the mass flow inter¬ cepted by the projected frontal area of the wedge. 
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Ces essais ont montre' que des injections relativement faibles ^nen/des’ 
modifications importantes dans la structure du sillage 

Les essais furent effectuas à Mach 4, à un nombre de RevnniHe 
pouce, d'environ de 0 y > ! > nomDre a6 Reynolds, par 

approximativement. 6 Da2 de“ail e^i t Z T"6, ? ' ^ * 100°F 
l'arrière de la maquette II » sZufttZ? 

coZrLrs: zœ’- ,LLmda?uettbe eUe-m§"e ^ 
haut 'a travers iaquelle on peui injeeteZe l'Lo^lazeux , 

?ã?re cir=ârndee af^s «1 fo “ ^ ^ 
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Les mesures fondamentales effectuées dans le sillage furent ,0n 
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“en™!” LZdtaÍd no4“ CTiS de CeS -P^---;tSnuli::d:3de“n 

l'écoulement; et non des vaUieürse”^nUtZZrnjetZtel1^! “TZ8 de 

dépZdHioT t»; uînwf C°rriKéeS P0Ur ;e"iP d-pïe dealfferS8 p ition, lurent utilisées conjointement avec les donnée« Q„„ ï 

dZ?o”trfoisd8temÍner t0UteS ldS ïaleUr3 d'écoulement"d^siliage On 

dZpíouZò8 T:ii:nZs^TLcVT' lnnprocédé ^ 

mêS“ZZ„“fL ?eiPrh0dádd<í UtUiSe 

ie 

utilisé poulies Zurts ^ «1 =Laud particulier 
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AN EXPER IMEMAL INVESTIGATION 

OF EAGE MASS INJECTION ON THE LAMINAR WAKE 

BEHIND A 6-deg. HALF-ANGLE WEDGE AT M = 4.0* 

Robert L. Chapkis, Jay Fox, Leslie Hroraas 

and Lester Lees 

TRW Systems, Redondo Beach, California 

Tests were conducted in the Jet Propulsion Laboratory (JPL) 20-inch 

supersonic wind tunnel to determine the effects of base mass injection 

on the laminar wake behind a six-degree half-angle wedge with a one-inch 

high porous base. The tests were conducted at Mach 4.0 and a Reynolds 
4 

per inch of 2.5 x 10 . It was found that striking changes in the wake 

properties were caused by an injectant mass flow rate equal to 2.8 

percent of the mass flow intercepted by the projected frontal area of 

the wedge. At this rate of injection the rear stagnation point is com¬ 

pletely blown off and the center portion of the wake consists of a 

uniform stream of injected gas. The wake shock wave is shifted laterally 

away from the centerline of the wake and is greatly weakened. These 

effects occurred for both the adiabatic wall condition and the cooled 

wall condition. Furthermore, the effects of the injectant persist at 

least as far back as eight base heights aft of the base. 

1. INTRODUCTION 

A considerable amount of emphasis has been given recently to the 

analysis of supersonic and hypersonic wake flows. One aspect of the 

overall problem is that of ejecting fluid from the body in order to 

«This work was carried out under the sponsership of the Advanced Research 

Projects Agency under Contract No. AF 04(694)-638. 
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modify the wake flow. This can be done either by ejection from the for¬ 

ward surface or from the base of the body. The present report describes 

an experimental study conducted in the supersonic wind tunnel at JPL to 

investigate the effect of ejection from the base of a two-dimensional 

wedge. The wake region considered extends from the base of the body to 

8.0 base-heights back. 

Analytical techniques to describe some aspects of the base flow 

region are being developed by a number of investigators. For example, 

the analyses of Reeves and Lees (l), Golik, Webb and Lees (2), and Baum 

and Denison (3) consider the neck and near wake as an effective "throat" 

with a Crocco-Iees (4) type of critical point behavior. Primarily, only 

adiabatic conditions have been considered to the present time. Reeves (5) 

and Weiss (6) have recently analyzed the reverse flow region, l.e., the 

region between the body and the rear stagnation point. Of these analyses 

only Reeves (5) considers base injection, but such a modification should 

be feasible in the others. 

Rirallel to the analytical efforts of recent years, a number of 

experimental programs have been undertaken to map in detail the base 

flow region (with no injection) behind blunt and slender bodies. 

Kingsland (7) and Dewey (8) have taken detailed measurements behind a 

cylinder. References 9”15 describe other recent measurements taken 

behind slender cones, again without any fluid injection. 

The amount of mass entrained in the base region is relatively small, 

and thus this region is quite sensitive to changes in flow conditions. 

In particular, if a small amount of fluid is ejected from the body into 

the base region, a strong effect could be expected to occur. Further¬ 

more, for any amount of mass ejected, the same amount must escape the 

base region and pass on downstream. Thus mass ejected from the base of 

the body will cause the reverse flow region to move away from the body 

and form a bubble behind the body. As this ejected mass flow rate is 

increased, the velocity along the dividing streamline decreases until 

finally the recirculation region, or bubble, is completely eliminated. 



Herzog (16) „az mäe „^ure-neotc with nitrogen Injection Into the 

ate region of a cylinder transverse to the flow at M,ch 6.0. It was 

ound for those conditions that an Injectant rate of 1.5 percent of the 

ma-s flow intercepted by the projected frontal area of the cylinder 

completely eliminated the reverse flow recinn 1 « 
point existed -, ' ’ n° rear sta8hation 
point existed. Similar effects were obtained more recently by 

Demetriades and Bauer 
i- ( 10, who made measurements of the effects of air 

injection into "the büse T*ei/inn of* 0 io ^ 
e °n 01 a 12"deSree half-angle cone at Mach 3 0 

ef n/rrr “ere perforaed ty hiu - <i8> - —* - 

tÎn « the lnJeCted 1'OT *“> ^ dis- 
nctly different cooling behavior depending on this parameter. 

The present experiment conducted in thp 
4 , uuucwea in the UPL supersonic wind tunnel 

oglcal extension of the work of Herzog Ció) in 
ui nerzog tio;. jn the present case 

LT 1Y1T thtthe "1M tunnel y Of obtaY 
ng both laminar aM turbulent base flow conditions. However, oniy 

laminar flow results are rerwr+a^ v, m, 

also allows f , , 0ne‘InCh model 
also allows for cooling of the model surface. 

Certainly, a very critical question to be considered In all wake 

—menta made in wind tunnels is that of effects of the support 

. en very fine wire supports have been shown to affect measure- 

r:rr “rIC ^18 U9' ~ measurements 
th two-dirnensionamy of the flow smst be considered. While the exis¬ 

tence of fences or side plates large enough to contain the subsonic 

po on of the wake will prevent outflow and effectively isolate any 

distu b the “lnd tUnnel bOUn<lary layer8' tlK PdbbdtHity of a 
r anee created by the plates themselves Is a troublesome point, 

ere have however, been a substantial number of investigations Into 

h s feet, notably the oddments of hewey (8), „erzog (16) (with 

oZT tlT "°re (21) ^ Ttese appear to 
confirm hat for aspect ratios greater than about 10, the disturbance 

created by the side plates Is minimal. The TRW model has an aspect 

ratio of approximately 16 which is assused to be sufficient to assure 

the approximation of two-dimensionality. 
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2. EXPERIMENT 

2.1 Test Conditions and Equipment 

The tests were conducted in the JPL 20-inch supersonic continuous» 

flow wind tunnel. The wind tunnel has an 18 by 20-inch test section and 

a flexible-plate nozzle which allows the Mach number to be set at any 

value from 1.33 to 5-02. The present tests were all conducted at Mach 4.0 

and a Reynolds number per inch of 2.5 x 104. The stagnation pressure 

was set at 18 cm/Hg and the stagnation temperature at about 100°F. 

The model itself which is shown in Figure 1 is a six-degree half¬ 

angle wedge with a one-jnch-high porous base through which gaseous 

nitrogen can be injected. The external dimensions of the model were 

chosen to be those of the wedge tested extensively by Hama (10) in the 

same JPL wind tunnel. This was done in order to be able to make direct 

use of some of his carefully obtained wake pictures and pressure data. 

In particular, his shadowgraphs taken at the same Reynolds number, but 

lower Mach number, as for the present tests indicate that the wake is 

laminar for at least eight inches aft of the base (the maximum distance 

available from the probe traversing mechanism). The model is made of 

stainless steel, and the porous base consists of three layers of fine- 

mesh (2-micron) stainless-steel screen covered by a single protective 

layer of relatively coarse screen. In addition to the porous base, the 

model has cooling passages through which liquid nitrogen can be circu¬ 

lated, thus allowing tests to be run with either adiabatic or very cold- 

wall conditions. In order to prevent boiling of the liquid nitrogen 

inside the model the liquid nitrogen is subcooled Just prior to its 

entry into the model. This is done by passing the coolant through coils 

of copper tubing which are immersed in an insulated tank full of liquid 

nitrogen. The tank is vented to the atmosphere, and evaporation of the 

bath of liquid nitrogen causes its temperature to drop below the temper¬ 

ature of the liquid nitrogen passing through the copper tubing, thus 

sub-cooling the model coolant. 
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The liquid nitrogen coolant is circulated through the model through 

three separate cooling passages each having its own inlet and outlet 

tube, whereas the gaseous nitrogen injectant is brought into the base 

plenum chamber of the model through tubes in each end of the model. In 

addition, for the cold-wall tests, a thermostatically controlled 

Chromalox Circulation Heater was used to heat the gaseous nitrogen 

injectant to l65°F prior to its entry into the model. This was done in 

order to prevent possible liquefaction of the gaseous injectant inside 

the model. The injectant mass-flow rate was measured by means of a 

Fisher-Porter flow meter Model 10A 2735 CA. The flow meter was cali¬ 

brated at the mass flow rate used by measuring the time necessary to 

displace 20 liters of water from a container. The pressure and temper¬ 

ature of the nitrogen introduced into the container were measured, and 

the mass of nitrogen computed from the perfect gas law. It is estimated 

that the mass flow rate could thus be determined within * 5 percent of 

the desired value. 

The model was installed so that it spanned the width of the wind 

tunnel. In order to minimize the effect of the wind tunnel boundary 

layer on the two-dimensionality of the flow about the wedge, thin fences 

were attached to the base. One of these is shown in Figure 1. Three 

pressure ports were also located on the model: One on the top surface 

halfway from the leading edge to the base; a second one directly oppo¬ 

site on the bottom surface; and a third port at the center of the base. 

The base-pressure port was designed so that rearward facing probes could 

be attached in order to make static pressure measurements in the region 

very close to the base. Two of these probes are shown in Figure 1. 

However, none of the rearward facing probes were used in the present 

tests. The remaining wedge instrumentation consists of eight thermo¬ 

couples, four of which axe located on the top surface of the wedge and 

four on the bottom. 

2.2 Measurements 

The basic measurements made in the wake were pitot pressure, wake- 

centerline static pressure, and hot-wire anemometer measurements. The 
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static-pressure probe was a copy of one developed at the Graduate Aero¬ 

nautical Laboratory, California Institute of Technology (GAIjCIT) by 

Hehrens (22). The hot-wire anemometer was used to measure mean flow 

quantities, not fluctuations. The wire itself was a 0.0001 inch in 

diameter platinum-rhodium wire about two hundred diameters long. The 

wire was mounted between the tips of sewing machine needles that pointed 

upstream from a slender support strut. On one needle, a small thermo¬ 

couple was mounted near the tip to facilitate end-loss corrections. 

Similar probe configurations are described in References (l8) and (I9). 

Wire resistance and power were measured with four currents of one 

to four milliampères and the results were extrapolated to zero power. 

Oven calibrations of the wire temperature-resi?tance characteristics 

were combined with measurements of needle temperature, pitot pressure 

and static pressure to comprise information needed for correcting the 

measurements for end-loss conduction. A consistent flow field was cal¬ 

culated, using universal recovery factor relations, to obtain the local 

stagnation temperature. Universal heat transfer relations were also 

used together with a correction factor deduced from the measurements. 

For a detailed description of the data reduction method, see Reference (9). 

In addition to the wake measurements, other auxiliary measurements 

were made such as wedge surface pressure and temperature, base pressure 

and injectant mass flow rate. For the present tests the injectant mass 

flow rate was set at either zero or 2.8 percent of the mass flow inter¬ 

cepted by the projected frontal area of the wedge. 

2.3 Effects of Frost 

Frost build-up on the liquid nitrogen cooled model was a serious 

problem. Although the layer of frost appeared to be rather thin, it 

covered the pressure ports on the wedge, thus preventing measurement 

of the wedge surface pressures and base pressure during the cooled-wall 

tests. Even more troublesome was the fact that, apparently, tiny parti¬ 

cles of frost were swept into the wake and would hit the hot-wire 

anemometer, thus breaking the fragile wire. This behavior made it 

impossible to make hot-wire measurements for the cooled-wall condition. 
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In addition, the frost pattern was not perfectly symmetric and thus some 

asymmetries in the pressure measurements were noted for the cooled-wall 

condition. However, these asymmetries appear to be rather small, except . 

perhaps in the region between the bow shock wave and tte first corner 

expansion wave . 

3. RESULTS AM) DISCUSSIONS 

3-1 Vfedge Surface Pressures 

The wedge surface pressures as measured by the two pressure ports 

on the top and bottom surfaces of the model were used primarily as a 

check on the angle of attack of the wedge. These pressures were mea¬ 

sured at least once during each pitot and static pressure traverse of 

the wake. The measured ratios of surface pressure to freestream static 

pressure for the top surface of the wedge had a range of from 2.00 to 

2.O8. For the bottom surface the range was from I.95 to 2.06; however, 

the maximum difference between top and bottom values measured at the 

same time was 0.05, and usually was 0.02 to 0.03. A difference in the 

pressure ratios of O.O5 corresponds to a wedge angle of attack of about 
a quarter of a degree. 

It is interesting to compare the measured wedge pressures with 

theoretical predictions: Inviscid theory predicts a ratio of wedge 

surface pressure to freestream static pressure of 1.79, which is a little 

more than ten percent lower than our average value of about 2.0. 

/iscous effects can be taken into account be considering the displacement 

effect of the boundary layer as in hypersonic weak interaction theory (23). 

The value of the hypersonic interaction parameter X = for the 

present tests is about O.I8, where the Reynolds number is based on the 

distance from the wedge leading edge to the pressure port. For this 

value of X weak interaction theory predicts an increase in pressure 

ratio of about five percent over the inviscid value of 1.79. However, 

the experiments of Kendall (2k) indicate an increase of about ten per¬ 

cent which is closer to our measured values. 

3.2 Wake Pressures 

Typical pitot pressure plots are shown in Figures 2 to 7. These 

figures show a comparison of the pitot pressures measured with and 
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without base Injection at various stations downstream of the base and 

for both adiabatic and cooled wall conditions. It Is Immediately 

apparent from the pitot pressure plots that base Injection significantly 

alters the wake structure: The wake shock wave is shifted laterally 

away from the wake centerline and greatly weakened, and the viscous wake 

"bucket" is widened. Furthermore, It appears that the effects of the 

injectant persist quite far downstream of the base. 

The location of various regions of the wake can be deduced from the 

Pitot pressure plots as Indicated In Figures 2 and 3. By combining the 

results of U1 of the pitot pressure plots, a satisfactory picture of 

the main features of the wake can be obtained. This has been done and 

is shown in Figures 6 to 13. Figures 10 and 13 show clearly the widen¬ 

ing of the viscous wake and the outward shift of the wake shock wave 

caused by base Injection. Also, a comparison of Figures 8 and 11 shows 

that the viscous wake Is narrowed by cooling the wedge surface. 

Base Injection also changes the static pressure distribution 

markedly. This Is shown In Figures 14 and 15 which compares the center¬ 

line static pressure distributions with and without Injection for both 

adiabatic and cooled wall conditions. It can be seen that base Injection 

creates . remarkably uniform centerline static pressure distribution. 

Furthermore, the centerline pitot pressures too are changed markedly by 

base injection, es shown In Figures 16 and 17. It can be seen from 

Figure 17 that base Injection creates extremely uniform centerline pitot 

pressure and static pressure distributions for the cooled wall condition. 

Similar results were obtained for the adiabatic wall condition. It thus 

appears that for the amount of base injectant employed, the rear stag¬ 

nation point has been completely "blown off" and the center portion of 

the wake consists of a very unlfons stream of constant velocity Injectant. 

The picture with Injection is thus one of the mixing of two nearly 

parallel streams of almost constant pressure. One stream Is composed of 

■the injectant and tbe other of thp fin-M in j , 
u« toiler 01 tfte fluid in the region between the corner 

expansion fan and the edge of the mixing region (see Figure 18). 

Actually, the edge of the mixing region Is not exactly parallel to the 



centerline of the wake; the streamlines in that region are inclined 

downward toward the axis. Thus a slight compression is required in the 

downstream direction corresponding to the turning of the flow back to 

parallel. 

3«3 Temperature 

Total temperature distributions as determined from the hot-wire- 

anemometer measurements are shown in Figures I9 and 20. The open symbols 

represent total temperature measurements that incorporate uncertain 

corrections for end conduction between the wire and the supports. The 

corrections were calculated using static pressure measurements together 

with the other necessary inputs; but no verification was obtained when 

the reduction was repeated using the universal heat transfer relations. 

Flow variations along the wire in the locally transonic and subsonic 

conditions may have caused the uncertainty in the data reduction. Under 

these conditions, the needles that support the wire also alter the flow 

over much of the length of the wire. For the closed symbols, the data 

reduction was certain, the heat transfer verification having been ob¬ 

tained where appropriate. The total temperature variation across the 

wake at various locations aft of the base is shown in Figure 19 for the 

case of no base injection. The corresponding distributions with injec¬ 

tion are shown in Figure 20 for two locations aft of the base along with 

a no injection plot for comparison. Again, the widening of the viscous 

bucket caused by base injection is clear. 

As stated previously, no wake temperature measurements were mde 

for the cooled-wall wedge due to continual breakage of the hot wire by- 

particles of frost. However, the wedge surface temperatures were mea¬ 

sured by means of the thermocouples on the model and the ratio of model 

temperature to free-stream total temperature was found to be equal to 

O.27, compared to O.92 for the adiabatic model. 

b. CONCLUSIONS 

The experiments conducted in the JPL 20-inch supersonic wind tunnel 

at M = 4.0 and a Reynolds number per inch of 2.5 x 104 showed that 
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base mass injection had a significant effect on the properties of the 

wake behind the 6° half-angle wedge tested. At the mass flow rate used, 

which was 2.8 percent of the mass flow rate intercepted by the projected 

frontal area of the wedge, the rear stagnation point was completely 

eliminated and the center portion of the wake consisted of a uniform 

stream of injected gas separated from another uniform region between the 

wake shock wave and the Injectant by a mixing layer. The wake shock 

wave was greatly weakened and was shifted laterally away from the wake 

centerline. These effects were still strong eight base-heights aft of 

the base, and occured for both the adiabatic wall condition and the 

cooled wall condition. 
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Pig. 2. Comparison of pitot pressures with and without injection for 

the adiabatic-wall wedge at x/H = 1.0 



Fig. 3. Comparison of pitot pressures with and without injection for 

the adiabatic-wall wedge at x/H = 3.0 



k. Comparison of pitot pressures with and without injection for 

adiabatic-wall wedge at x/H = 6.0 



5. Comparison of pitot pressures with and without injection for 

the cooled-wall wedge at x/H * 1.0 



6. Comparison of pitot pressures with and without Injection for 

the cooled-wall wedge at x/H = 3.0 



O-WITHOUT INJECTION 

WITH INJECTION 

^îÆ 

Comparison of pitot pressures with and without Injection for 

the cooled-wall wedge at x/H = 8.0 

«»* Wi,«*. . . 



Fig. 8. Flow field boundaries obtained from pitot pressure plots for 

the adiabatic-wall wedge without injection 

Fig. 9* Flow field boundaries obtained from pitot pressure plots for 

the adiabatic-wall wedge with injection 
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Pig. 10. Comparison of fio. field boundaries .1th and .ithout Injection 

for the adiabatic-wall wedge 

pig. U. Flo. field boundaries obtained from pitot pressure plots for 

the cooled-wall wedge without injection 
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Fig. 12. Flov field boundaries obtained from pitot pressure plots for 

the cooled-wall wedge with injection 

Fig. 13. Comparison of flow field boundaries with and without injection 

for the cooled-wall wedge 



Fig. l4. Comparison of centerline static pressures with and without 

injection for the adiabatic-wall wedge 

Fig. 15. Comparison of centerline static pressures with and without 

injection for the cooled-wall wedge 
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Fig. l6. Centerline static and pitot pressures without injection for 
the cooled-wall wedge 

Fig. 1?. Centerline static and pitot pressures with injection for the 
cooled-wall wedge 
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Fig. 20. Total temperature variation across the wake for the adiabatic- 

wall wedge with and without injection 



RADIAL AND AXIAL VELOCITY PROFILES OF HYPERSONIC 

AND SUPERSONIC WAKES MEASURED BY THE SEQUENTIAL SPARK METHOD 

by 

C. Lahaye, E.G. Lager, and A. Lemay 

This paper is generated under the 

CARDE-ARPA co-operative re-entry physics program 

of ARPA Order 133. 

CANADIAN ARMAMENT FtESEARCH >'ND DEVELOPMENT ESTABLISHMENT 

VALCARTIER, P.Q., CANADA 
February 196? 



SUMMARY 

The technique of using a sequence of sparks for velocity 

profile measurements across the wake of hypersonic projectiles is 

briefly described and the data reduction method is outlined using one 

particular case. Measured radial velocity profiles in wakes of 

hypersonic (15000 fps) and supersonic (4000 fps) spheres are presented 

for various positions in the wake and for various ballistic range 

pressures. These results are then discussed. The axial profiles 

constructed from these radial profiles are then presented and the 

measurements are compared with the available theoretical estimates and 

measurements obtained using other methods. 



RESUMÍ] 

Aprè, une brève description de la technique qui consiste à faire 

jaillir une succession d'étincelles pour procéder è des mesures de 

profils de vitesse en travers du sillage de projectiles hypersoniques, 

les auteurs exposent leur méthode d'exploitation des résultats h l'aide 

d'un cas particulier. Ils présentent les profils de vitesse radiaux 

obtenus è partir de mesures effectuées aans les sillages de sphères 

Hypersoniques 457.2 m/s et supersoniques 121.9 m/s pour diverses positions 

dans le sillage et divers nombres de Reynolds. Ils examinent ensuite 

ces résultats. Puis il présentent les profils axiaux élaborés è partir 

de ces profils radiaux, et comparent les mesures aux évaluations et aux 

mesures théoriques obtenues selon d'autres méthodes. 
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Radial and Axial Velocity Profiles of Hypersonic 

and Supersonic Wakes measured by the Sequential Spark Method 

hy 

C. Lahaye, E.G. Leger and A. Lemay 

1.° DfTRODDCTION 

With the advent of the space age, extensive studies have been 

initiated of the flow properties around hypersonic vehicles and of their 

wakes. Many problems have arisen in the understanding of hypersonic 

wakes because of the presence of high temperatures, ionisation and chemical 

kinetics. The mutual interaction of chemistry and turbulence has intro¬ 

duced an additional complication and leads one to ask what relation the 

hypersonic wake bears to its predecessors, the supersonic and subsonic 

wakes. 

In our studies we have investigated both hypersonic and super¬ 

sonic turbulent wakes generated by projectiles travelling at high velocities 

in free flight ranges. In these studies various probes have been employed 

to obtain spatio temporal statistical data. This data can be analysed to 

yield power spectra in the frequency domain. A knowledge of mean velocity 

distribution in the wake is required in order to transform these power 

spectra to the wave number domain. This requirement led us to search for 

methods of measuring wake velocities under a wide range of experimental 

conditions and the sequential spark method was developed and applied to 

these studies. 
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2.° HKASUREHEMT METHOD 

The technique of using a sequence of sparks has been applied 

by various authors ¢1, 3) to the measurement of flow velocities. This 

measurement technique operates on the following principle: The passage 

of an electric spark creates a low resistance ionised path in the fluid 

which persists for a period of time of the order of 10^ seconds. If a 

second spark is produced during this interval, it will follow the ionised 

path traced by the first spark. If SUch a series of sparks of short 

duration is made across a flow of gas at properly selected time Intervals, 

the ionised path due to the first spark is displaced at the velocity of 

the flow and each succeeding spark re-illuminates the ionised path. By 

open-shutter photography of the spark traces, a profile of the displace¬ 

ments of the flow is obtained and the velocity can be calculated if the 

time interval between the sparks is known. 

The application of this technique to the measurement of wake 

velocities placed stringent conditions on the instrumentation require¬ 

ments and on the data reduction method. Because of the dispersion of 

projectiles and in order to cover the full wake width, gaps of the order 

of 5 to 7 inches between electrodes were used and these in turn neces¬ 

sitated very high voltage pulses in order to obtain short duration 

breakdown at ambient pressures between 10 and 200 millimeters of mercury 

(mm Hg). A modified Model 9 radar hard tube modulator (4) i8 used to 

generate 0.8 microsecond pulses at 90 kilovolts across the electrodes 

with a current of approximately 20 amperes available to produce the 

sparks. 
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Preliminary meaeuremer.ts indicated that the aparka did not 

necea.arily pa8s through the renter of the wake along a straight path 

and therefore, three-dimensional analysis of the spark path «s require. 

* precision stereo system was constructed using t»o cameras at 60° from 

the flight amis together with horizontal and oertical reference lines to 

define the geometry. * fUm reader reproducing the geomefy of the stereo 

•yet«» used on the rang, was constructed to perfonn the three-dimensional 

data reduction. The flight path of the projectile with respect to the 

•park, i, determined to an accuracy of .050 inch by means of u stereo- 

flash X-R^ phot, attitude system using the same reference lines as the 

film reader. 

3.° DATA REDUCTION METHOD 

in example of the data reduction procedure is no. given using the 

sequence of spark, shown i„ rig„„ y. In thts , s„rleii ^ 

were obtained at a distance of approximately 600 body diameter, behind 

« on, inch diameter aluminum sphere travelli^ at 11,,560 feet per second 

( fps ) in an «Aient air pressure of 40 mm Hg. The puls, interval 

«a, 40 microsecond, and the sequence of 7 sparks seen by the two stereo 

cameras is sh™ together with a schlieren photograph taken IsMedlately 

after the occurrence of the fourth spark. It i, thltj in thi, 

the diameter of the turbulent wake is greater tlan the electrode gap. 

In order to obtain radial velocity profiles from thle data, it 

is necessary first of all to locate accurately the flight path of the 

projectile with respect to the horizontal refer«,« line.. The plates 

fro. the st.r« .pari, camera, are then «runted in the stereo projector 
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reríing asaembly which ia aligned by using the vertical and horizontal 

reference lines. The co-ordinateo of numerous points of each spark in 

the « and y* planes are determined using standard photogrammetric tech¬ 

niques. Projections of the sparks are shown in Figure 2 where the x axis 

is the direction of flight, the z axis is the vertical direction and the 

y axis is the horizontal one. This figure also shows the displacement 

of three of the sparks in the yz plane and it is seen that none of them 

passes through the axis of the wake. This was the case for all seven 

sparks of this sequence. In this analysis it is assumed that the 

velocity in the s direction is zero and the distance oetween points on 

consecutive sparks are maasured and the velocities computed using the 

measured time interval between the sparks. 

Graphs of the resulting velocity profiles obtained from every pair 

of consecutive sparks are shown in Figure 3a. The notation V-y means 

the velocity profile computed from the second and third sparks. A 

profile averaged for the total duration of the sequence can then be 

computed. It is seen in this figure that no measurements closer than 

0.3 body diameters from the axis are available because of the sparks 

did not pass through the center of the wake. 

Lateral wake velocities are shown in Figure 3b.where the con¬ 

vention is adopted that the direction towards the cameras is positive. 

4.0 SUPERSONIC WAKES 

4.1 Experimental Conditions 

The experimental determination of the wake velocity of 

supersonic spheres travelling at 4000 fps was made with the purpose 
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of gathering d.t. which could be ueed to develop , better thMreticU 

»od.1 of the «he It thee, low velocitie, the fluid d^cel propertie. 

of the vake can be emulated without the complic.tioh. of oh-ietrp All 

the results presented her. „re obUi^d with on. inch dieneter Uuninua 

ephees. At distances greater than .pproxi™t.ly 300 bodf di«t.rs no 

»curable sperk displacensnt can b. obtained on th. photographic plate, 

due to the low absolute velocity of the mk* u 
J tne wake and the short persistence of 

the ionized path. The photograph of / 
P ocograph of Fi^re U presents a typical reeult 

obtained behind a supersonic sphere tm. i* 
10 sphere. This result was obtained at 300 body 

diameters behind the model travelling at imn * 
^raveiung at UO00 fp8 in an ambient pressure 

of 40 millimeters of mercury. The afhn»*»», • a 
hy i ne schlieren picture shown was taken at 

the time of the fourth spark and the shock wnv«a « a 
»ne snock waves produced by the pre- 

ceding eperk, can b. seen. A scries of 10 voltege pul.., bg 100 

nicrossconds ussd. first puls. produc.d . glow whore .weeding 

ones produced well defined sparks. 

In th. vorg near vaks, (3-15 B.D. ) th. valocitg eurent. 

can be made but a few difftse.n + i- 
ifficulties are encountered. A first difficulty 

.riss, in fonaing . „U defined .park at i„ eisnt pcsoure. (low.r than 

epproxijaatalg 40 ok Hg ), but wsli d.flnsd spark, er. obuin«! st an 

ambient pressure of 100 mm Hg. Thii hahjavt a 
‘ 1¾. inis behaviour is due to the low gas 

density where too few molecules are laft ♦« „ . 
are left to produce sparks. Another 

difficult/ i. cased bg the very large velocity gradient, encountered in 

«» ve-g near Ce. farg. gradi.rt. ooCur th. ^ 

of the inner wake and produce sharp curvatura« nr r 
p curvatures of the ionised path which 

cannot be followed by the spark Tn«+.«w , 
pa. k. Instead of following the ionised path. 
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the spark traces a new one. An example of these large gradients can 

be seen in Figure 5 which is a shadowgraph picture taken at approx¬ 

imately nine body diameters behind a 4000 fps sphere at an ambient 

pressure of 200 mu Hg. A large velocity increase can be seen at the 

boundary of the viscous wake and it is believed that a new spark path 

was traced in the viscous core. In this illustration the V shaped 

electrodes are seen together with part of the bow and recompression 

shocks and their reflections on the electrodes. The difficulty of 

measuring in high gradient flow near the body can be overcome by using 

a shorter time interval between the sparks. A short time interval will 

permit measurement of the large axis velocity and a longer time interval 

will give the edge velocity. By combining these results, the data where 

spark jumping occured can be rejected and a complete velocity profile 

can be obtained. 

A total of 28 velocity profiles were measured in the 

viscous wakes of one inch diameter spheres travelling at approximately 

4000 fps. These measurements were made at nominal axial distances of 

15, 50, 100, and 300 body diameters and at ambient pressures of 10, 40, 

100 and 200 mm Hg. 

4.2 Velocity Profiles of Viscous Wakes 

The velocity profiles gathered during the low velocity 

firing program are given in Figures 6,7,8 and 9. In tneae graphs the 

wake velocity normalized with respect to the sphere velocity (Vw/Voq) 

is traced as a function of radial distance normalized with respect to 

the sphere diameter (R/d). Profiles measured at approximately the same 
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behind the ephere, h,v. been groupen together „n the onbiont 

preaeor. i, indicted on the grepla. It ahould be „„ted th.t two profile, 

corresponding to t*o different round, are uauellf glT,„ for e<>nalu<)n 

of «U1 distance and presaure. m ort.r to keep the graph, .1^.,, onl, 

the points printed bf an autonatic plotter are given .„d no attenpt at 

distinguishing b.t»e„ profile, under the sane condition, ha, been „d.. 

The velocity profile, of Figure 6, «easured at . „oni„al 

•xlal distance of 15 body dianeters are euapected to sho» loner values 

tk“ ‘etMl- 'mn lr* ‘ consequence of the large reduction of 

*“ d,!n'lt7 “d °f th* ’tTm* gradient encountered in the 

near *ke. * tin. interv^ of 25 nicrosecond, b«t«en spark, uas used 

for these „.„urenent,, ^ mth ,„ch a pul., .pac^ Jffljplng of lh() 

spark ha, probably occurred aero., th. vi.cou. ™k,. ^ ,rror ^ 

s^Uer further auay fro, the axis. I„ OPder to neasur. th. uaks velocity 

more accurately in this region, a pulse .pacing of 10 microsecond, will 

be required, and th. „all diameter of th. wake dictate, th. „ 

array of electrodes with a capability of .elects the spark position, 

fh. velocity profile, givsn in Figures 7,s and 9 measured at nominal 

«U1 distanc, of 50, 100, and 300 body diameter, respectively ere 

believed accurate, it th... diet™., behind th. model the amUl velocity 

gradient is considerably r«iuc.d and no spark Jumping i, expected. 

The velocity profile, m Figure, 6 to 9 have been collected 

at four different ambient j_ . 
emeuent pressures in order to study the effect of 

Reynold» nu-rer ^ „ large ^ h.ve ^ ^ 

rt.tl,tlcü fluctuation, tend to mask any po.sibl. ,ff«t of R^old. 
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number and a large number of profilée would have to be studied in order 

to draw a conclusion. However, the profiles reveal a slight tendency 

for higher axis velocities at higher ambient pressures. 

4.3 Velocity Distributions 

Since the velocity profiles show very little dependence on 

Reynolds number, all the profiles measured were used to obtain velocity 

distributions. The normalised mean velocity values of each radial profile 

(average of eight displacements produced by 9 sparks) are plotted and 

linear interpolation is made between points of the mean curve to obtain 

the velocity at fixed radial distances of 0.2, 0.4, 0.6, 0.8 and 1 body 

diameter. A least mean squares fit of an equation of the form 

Vv/v*o * a + b log x/d where a and b are functions of radial position 

was made on the computer with a set of data points obtained at each pre¬ 

selected radial distance, over a finite distance of the wake. The result 

of the least mean squares fit is given in Figure 10 for radial distances 

previously mentioned. The number of data points used in the least mean 

squares fit together with the standard deviation are indicated on the 

graph for each axial velocity profile. Less confidence can be placed on 

some of these axial velocity profiles, especially those very near the axis 

(0.2 R/d) and near the body (15 B.D.), where spark Jumping could have occured. 

This error will tend to decrease the slope of the 0.2 R/d profile only. The 

velocity measurement errors associated with low gas density will have a 

tendency to shift the axial profile downward. 

In order to trace the axial velocity profiles of Figure 10, 
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both inviscid and víscoub wake data have been u«d; at an axial distance 

of 15 body diameters for example,the viscous wake is approximately one 

body diameter in width and data points at radial distances of .6, .8 and 

1 body diameter are inviscid data. 

5.0 HYPERSOW IG WAKF.S 

5.1 Experimental Condition« 

The measurement of hypersonic wake velocities behind one 

inch diameter aluminum spheres presents in some respects a different problem 

than the measurement at supersonic velocities. At hypersonic speeds, the 

wake velocity measurements can be made as far as 1500 body diameters behind 

the projectile due to the high absolute velocity of the flow. At these 

large axial distances however, the sise of the viscous wake exceeds 10 

body diameters and the electrodes are immersed in the viscous wake. 

Measurements of the edge velocity can be made by offsetting the pair of 

electrodes. 

Figure 11 shows a typical result obtained behind a hyper¬ 

sonic sphere. The velocity of the sphere was 14,600 fpS the pressure 

was 40 mm Hg and the velocity measurement was taken at approximately 300 

body diameters downstream. At this axial distance the viscous wake almost 

completely filled the gap between the electrodes and it is seen that 

strong velocity gradients occur inside the viscous wake width as defined 

by the schlieren method. 

At distances up to approximately I50 body diameters, it 

is very difficult to fom a well defined spark in the center of the viscous 

wake of a hypersonic sphere because of the high conductivity of the gas 
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due to ionisation, ablation products and low gas density. The sequence 

of sparks shown in Figure 12, taken at approximately 340 body diameters 

behind a sphere travelling at 14,240 fps at ambient pressure of ?6 

mm Hg illustrates this problem. The spark traces which are well formed 

on the edge of the viscous wake become completely diffused in the 

central core. A slight reduction of the sphere velocity to 13,500 ft/sec. 

at 40 mm Hg permits the formation of a continuous spark across the center 

of the viscous core. 

Up to the present time some 50 hypersonic profiles have 

been gathered. They oover a large range of different conditions of 

pressure, velocity and axial distance. 

5.2 Velocity Profiles of Viscous Wakes 

A comparison of the velocity profiles measured at distances 

of approximately 150, 300, 600 and 1000 body diameters behind a hypersonic 

sphere is given in Figure 13. Two or three rounds are plotted for each 

axial distance and the velocity varied between 14500 to 15,000 fps for 

all rounds except for those at 150 body diameters where lower velocities 

of 12,700 and 13,200 fps were used to obtain the profiles. This type of 

presentation, with normalization to the wake width at any axial distance 

has been selected because it reduces the overlap of the traces; the 

flattening of the velocity profiles as a function of distance behind the 

body becomes evident at a glance. 

A rather good coverage of the viscous wake is achieved at 

150 and 300 body diameters although the edges are difficult to measure 

because of the relatively short time gap between the sparks. At 600 and 



11 

1000 bodjr diameter, the width ef the »...„r^l, b8t„„„ th, .lMtro(i„ 

determines th. width of th. profile,. On. peculiarity about thee, profile, 

1, that sharp gradient. In velocity still exist close to the axis at 

distances oi the order of I50 body diameters. 

5*3 Velocity Distribution 

The variation of the normalised wake velocity (^w/^with 

distance behind the body nas also been studied under hypersonic conditions 

and a graph illustrating the results found is given in Figure 14. 

A least mean squares fit was made on the data points using th. method 

described previously for the supersonic wake. The velocity of the 

projectiles varied from 15,000 to 12,500 fp8 at ambient pressures varying 

from 27 to ?6 mm. of Hg. The data points found were for measurements from 

150 to 1000 body diameters behind the projectile. A total of 30 different 

velocity profiles were used tc construct the curves. For each curve, the 

number of data points and RMS deviations are given. It can be seen that 

the velocity in all curves decreases regularly with increasing distance 

behind the body and all curves tend to a common value of approximately 

.03 \v(\at 1000 body diameters. A comparison of the hypersonic and 

supersonic data reveals a steeper axial velocity gradient in the hypersonic 

case. Theoretical calculations using the Lees and Hromas method are in 

agreement with the experimental results. 

5*^ Average Valocity Profil»« 

Velocity profiles have been obtained on different rounds for 

the same experlmebtal conditions and so., are ahown in Figore 13. A„ 

examination of th.se graphs reveal, that imporUnt divergence, between 

profiles taken ond.r identical condition, are .vidant in both the ,h.pe 
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of the profiles and the relative wake velocities. This can be attributed 

to the superposition of a random turbulent eddy velocity upon the mean 

velocity of the turbulent wake. 

The magnitude of these fluctuations can only be bracketed by 

analysing a large number of firings under identical experimental conditions 

and this has not yet been achieved. However a certain number of firings 

where the conditions were similar and the measurements made at the same 

distance behind the body were averaged and the average profiles are shown 

in Figure 15. The number of rounds used to obtain these average profiles 

is indicated for each condition and readings at both sides of the wake 

have been used to generate the average. The velocity fluctuations computed 

using this limited number of data points are of the order of 20$ at 

radial distances of 0.4 to 1.0 R/d. 

Velocity profiles calculated by Ellington ( 2 ) using the method 

of Lees and Hromas ( 7 ) are also shown for conditions of 76 mm Hg and 

15,080 fps and at approximately the same distances in the wake. The 

theoretical profile lies below the measurements at the center and above at 

the edge of the wake. This is more apparent at 600 body diameters than 

at 1000 body diameters because at this latter position, only the central 

part of the wake lies between the electrodes and can be measured. 

An influence of pressure on the axis velocity for the two curves 

at 1000 body diameters is apparent. 
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COMPARISON BETWEEN 3UPERSONIC AND HYPERSONIC RESULTS 

Th« first few measurements in wake velocity behind supersonic 

spheres reveal a large reduction in normalised wake velocity when compared 

with hypersonic results. An appreciable difference is also noted in the 

growth of the viscous wake. 

6.1. yiacovs Wake Width 

The growth of the turbulent wake has been studied among 

others by Lees and Hroraas ( 5 ). The result of their theoretical 

calculations for the turbulent wake width versus axial distance in the 

case of thermodynamic equilibrium and locally similar turbulence is given 

in Figure 16 for a blunt nosed body travelling at 9500 fps at atmospheric 

pressure. Also given in Figure 16 are some experimental measurements 

of wake widths measured from schlieren photographs of the wake which 

were taken at the same time as the spark sequence for wake visualiaation 

purposes. Wake widths measured behind 1 inch spheres travelling at 4000 

fps fall below the Lees-Hromas curve while those measured behind 

1 inch sphere travelling at 15,000 fps fall above this theoretical 

curve. This dependence of the turbulent wake width on flight velocity or 

Mach number was predicted ty the Lees-Hromas theory. It has to be noted 

that the experimental wake width curves given in Figure 16 are only 

tentative due to the small amount of data available at the present time. 

No appreciable change in the wake width with ambient pressure was noted 

from the measurements of schlieren pictures taken at pressures of 40, 100 

and 200 mm Hg. 
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^.2 Viscous Wake Velocity 

Due to the difficulties encountered in measuring velocity 

ol a hypersonic wake at distances closer than 300 body diameters and due 

to the low absolute velocity of supersonic wakes far behind the model which 

again preclude measurement, the only point available at the present time 

for the comparison of velocity profiles is 300 body diameters. Figure 1? 

shows four velocity profiles measured at 300 body diameters behind one 

inch diameter spheres travelling at 14,600 and 4,000 fps. In all cases 

the ambient pressure was 40 mm Hg, Much higher normalized wake velocities 

are measured behind hypersonic spheres than behind supersonic spheres. A 

factor of about 2 in normalized velocity is observed. To establish a 

better figure, more data would be necessary because of the turbulent 

fluctuations of the wake velocity. 

This same figure also shows the same velocity profiles 

but normalized with respect to the viscous wake width. Values of the wake 

widths used to normalize the profiles were taken from the curves of Figure 16. 

It can be seen that, at this axial distance for radial distances between 0.3 

and 0.4 close to the edge of the viscous wake the hypersonic profile coincides 

with the supersonic one. 

7*0 COMPARISON WITH OTHER DATA 

A comparison has been made between the axial velocity distribu¬ 

tions at a radial distance of 1.6 body diameter, as measured by electro¬ 

static probes and sequential sparks. These results are shown in Figure Ifi, 

In general the results are in good agreement especially at distances greater 

than 400 body diameters: however at small .axial distances, the electrostatic 

probe measurements tend to be slightly higher than those obtained from the 
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sequential spark although lower than the theoretical curve calculated by 

Ellington using the Lees and Hromas method. 

conclusion 

The sequential spark technique has been used to obtain velocity 

profiles behind wakes of spheres travelling at supersonic and hypersonic 

velocities. It has been demonstrated that the sequential spark method 

can yield valuable infomation in establishing average velocity distribu¬ 

tions in the wakes of hypersonic and supersonic projectiles. 

The sequential spark results at hypersonic speeds indicate that 

steep velocity gradients occur well within the boundaries of the viscous 

core as defined by flow visualization techniques. It appears that velocity 

profiles are narrower than the profiles heretofore assumed for use in 

theoretical calculations where the maximum gradient is taken to occur at 

the wake boundary. Relative velocities are much higher in the hypersonic 

wake as compared to the supersonic wake. Also the normalized axial velocity 

decay is greater in the hypersonic wakes. 

It should be borne in mind that the amount of information 

obtained at the time of writing of this paper is limited. To increase the 

coniidence level more data is necessary. This data is being steadily 

accumulated as part of the GARDE turbulent wake study program. 
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SUMMARY 

Experimental measurements of the base pressure and heat 
ransfer on flat based 9 cones have been made. These measurements 

were made n a hypersonic shock tunnel. Free stream Mach numbers 
varied from 12.6 tc 20. Independent variations of Reynold numtr and 
wall temperature ratios were made at M - 19 k 

“T to RN/RB =V3. OnlyNlMtedUnangre5orried 

surface was^landnar.0ted ^ aU bOUndary la^r — 

,« t i, Pr,el°US ''eports have described the techniques used. Advantaoe 
tester He PU'se nature of tha f10“' and the model is "free flown" during 
test ng Hence the b.ggest interference problem, that of a support stine * 
is eliminated. Trailing instrument leads of small diameter are rl back 
through the wake flow, parallel to the free stream and away from the 
sensitive inner core of the wake. Early experiments verified “h" 
nt§l161bility of these wires on the flow. 

typical ofhbasePmimentS Were hampered dy tda extreme low level signals 
typical of base measurements. Special instrumentation was developed 

(parficularty “eRey hMPed When extendin8 tha Parameters tparucuiariy the Reynolds and Mach numbers). 

facilities eaTheetosicSHWffre ^ 3 COrÜCaI flow and parallel now 
wake flow fr the A d ,ferencf Served was in the starting time of the 
wake How. In the short conical nozzle with a model size of 2" base 
diameter wake flows were steady in approximately 1 millisecond. In 
the 22 long parallel flow nozzle with a 4¡" base diameter model the 

ws took 4 milliseconds to become steady. On the 2" model only two 

TaiobUfreT The^s? ^ m0del\H0n a lar«er ? Position data 
cone and tase suatas Pr°VldeS f°r da*a at 12 pasitio"a “n the 

n T?e,^aSe pressure measurements are in general agreement with 
the flow field measurements of the electron beam The extreme effects 
near the corner support the arguments of Weinbaum that the profiles ÍÍ 
viscous flow at separations from the body (where it becomes tie free 

« eear nTcroirr* bC CalCulall;d usin8 boundary-layer assumptions u. e., no cross flow component). 

on the h»nod.eed ,he,.effect of RoynoMs number on pressure distributions 

iiuea« thentar . ÍÍrner SUgleStS that the separati°" streamline does not leave the base at the corner but from a point on the base and the 



tlÏTZ °í thÍS POÍnt frUrn the COrner increases the cone boundary 
yer thickness increases. This is an important point of Weinbaum's 

paper. 

The heat transfer has been correlated with the flow temperature 
measurements of Muntz. The heat transfer rates follow the waU 
emperature variation shown in the temperature measurements. The 

“halpi^sYnd thCtdTVhe heat flUX °PP0SeS that the -circulation 

reci;cU^^si:;Vropertie^rei;;u.“ted 10 chanBes in the othcr 



RESUME 

On a procédé à des mesures expérimentales de la pression de 
culot et du transfert de chaleur sur des cônes de 9° à partie postérieure 
plate. Ces mesures furent effectuées dans un tunnel à choc hypersonique. 
Les nombres de Mach en écoulement libre variaient de 12,6 à 20. On a 
fait varier, indépendamment les rapports du nombre de Reynolds et de 
la temperature des parois a Mach = 12,6. La forme de la partie 
antérieure du cône allait d'un aspect effilé (Rn/Rb < . 005) a RN/RB = 0. 3. 
Seuls des effets limités de l'angle d'attaque furent observés. Dans tous 
les cas, la couche limite sur la surface du cône était laminaire. 

Les techniques utilisées ont été décrites au cours de précédents 
rapports. On met à profit la nature "k impulsions" de l'écoulement et, 
pendant l'essai, la maquette est lâchée en vol libre. On élimine ainsi ' 
le problème d'interférence le plus important, celui du montage sur dard. 
On fait remonter k travers l’écoulement du sillage, suivant une 
trajectoire parallèle a l'écoulement libre et éloignée de la partie centrale 
sensible du sillage, des fils de raccordement aux instruments, flottant 
librement, et de faible diamètre. Des expériences précédentes ont 
démontré que l'influence de ces fils sur l'écoulement était négligeable. 

Les signaux de niveau extrêmement faible, caractéristiques des 
mesures effectuées sur les bases de cônes, entravaient la conduite des 
expériences. On a donc mis au point, pour cette étude, des instruments 
de conception spéciale, ce qui a facilité dans une large mesure l'exten¬ 
sion des paramètres (en particulier les nombres de Mach et de Reynolds). 

^ Des mesures furent effectuées k la fois dans des installations a 
écoulement conique et à écoulement parallèle. La différence essentielle 
que l'on put observer portait sur le temps de démarrage de l'écoulement 
du sillage. Dans la courte tuyère conique, avec une maquette dont la 
base mesurait 2 pouces de diamètre les écoulements du sillage se 
stabilisèrent au bout d'environ une milliseconde. Dans la tuyère de 
22 pieds, k courant parallèle, avec une maquette de 4 pouces et demi 
de diamètre a la base, il fallut 4 millisecondes aux écoulementes pour 
se stabiliser. Sur la maquette de 2 Douces, on procéda seulement k 
deux mesures par maquette. Sur une maquette de dimensions plus 
importantes, on recueillit des résultats en 7 emplacements. La série 
la plus récente permet d'obtenir des données en 12 endroits sur la 
surface du cône et de sa partie postérieure. 

Les mesures de la pression de culot concordent de façon générale 
avec les mesures du champ d'écoulement effectuées k l'aide du rayon 



d'électrons. Les effets extrêmes se faisant sentir au voisinage de 
1 angle «ennent appuyer la thèse de Weinbaum selon laquelle les profils 
d un écoulement Wsqueux aux points oh celui-ci se sépare du corps (et 

calculés ! r/rr T CTx 6 de “bre) ne peuvent ê're 
aïeules à 1 aide aes hypothèses portant sur la couche limite (il n'v a 

pas, de composante transversal du courant). 

des press^nÎsJ'î"^6™! ^ "ombre de R^nolds sur les répartitions 
P ions sur la base du cône, au voisinage de l'angle sueeère nue 

basXarHrdeT'1 ‘T* ^ "“x"' ^ d¿C°Uemenl ^igne pïï de T 
distance avee l" ^ & P°Ínt SUr Cette bas^ dont la 
d ce, e sïpa as"f rUe?,menhte aU fUr et 'a meSUre la “-he limite 
importants de la c observation constitue l'un des points 
importants de la communication de Weinbaum. 

chaleur s'nnnn«« >> iniiuence du nombre de Reynolds sur le flux de 

cotation; la différence eestqâttribuée dU C°Urant de recir- 
caractéristiques duTou^nfde ^elcu^ol 1Catl°nS 



Symbols 

Meo 

hR 

hw 

Pb<rB> 

B 

q(rB) 

qt ‘B 

Q W 

B 

B 

RN 

Rw 

Re/ft 

Re 

To. t5 

T 
W 

(Btu/lb) 

(Btu/lb) 

(lb/in2) 

(lb/in2) 

(Ib/in^) 

(lb/in2) 

(Btu/ft2sec) 

(Btu/sec) 

(Btu/sec) 

(in.) 

(in.) 

(in.) 

(in.) 

(1/ft) 

(°K) 

(°K) 

Free Stream Mach Number 

Recovery Enthalpy 

Wall Enthalpy 

Base Pressure at Radius rß 

Stagnation Pressure (As read by stagnation 
probe) 

Reflected Region Pressure (Plenum 
Pressure) 

Static Pressure at Location of Base of 
Model 

Heat Transfer Rate on Base at Radius rß 

Total Base Heat Transfer Rate 

Total Cone Surface Heat Transfer Rate 

Radius On Base of Model 

Model Base Radius 

Nose Radius 

Support Wire Radius 

Reynolds Number per ft. 

Reynolds Number Based on Free Stream 
Conditions and Wetted Length 

Stagnation Temperature in Free Stream 

Wall Temperature 
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1. Introduction 

Measurements of pressure and heat transfer on the surfaces of 

bodies in the hypersonic flow produced in ground simulation facilities 

is usually aided by the existence of definite cones of influence in the 

flow fields. This makes it possible to use strong supports for the 

model,arranged suitably, so that no effects from the support influence 

the flow near the body surface. Whilst this simple visualization of the 

situation is not exactly true, since there is usually a subsonic region 

in the boundary layer through which disturbances can feed, it is good 

enough that, with care, reasonable experimental measurements can be 

made. 

If the flow behind the body however, is considered,this simplifica¬ 

tion does not exist. Fig. 1 shows a typical, assumed flow pattern in 

the "near wake" region. For the purposes of this report the near wake 

is defined as that region of the wake flow across which there is some 

region of subsonic flow. It is apparent therefore that a sting or other 

significantly sized support may easily affect the flow across the base 

of the body. It is therefore desirable to eliminate or minimize any 

source of disturbance in the near wake region when making measure¬ 

ments on the base of the body. 

Several approaches have been used in various facilities. A free 

flying model with data telemetered from the model will result in 
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complete freedom from support interference. A modification of this, 

using trailing wires to transmit the signal was used initially to obtain 

base measurements. Measurements with larger models have used fine 

support wires together with the trailing wires. 

In support of a study of near wakes data have been obtained on 

base pressure and heat transfer using the latter two techniques above. 

This data has been accumulated in three series of measurements. 

The experimental details are briefly described here. A more 

complete description showing tables of the flow conditions and with 

a thorough analysis of the instrumentation is given in Softley and 

Gräber (1). 

2. Facilities, Models and Supports, Instrumentation 

2. 1 6"/30" Shock Tunnel 

This facility has been adequately described in earlier publications, 

it is useful to note here that a six inch diameter shock tube is fitted 

with a convergent-divergent conical nozzle of 15° 1/2 angle and 30" 

exit diameter. The result is a facility where test conditions vary 

considerably along the axis. Fig. 4 shows the Mach number gradient 

along the axis of the nozzle. 

2. 2 Parallel Flow Conversion - 6"/54" Shock Tunnel 

To allow larger models and remove the problem of severe axial 

gradients of the flow properties and their effect on hypersonic flows, 

a contoured nozzle was designed and fabricated. This is approximately 
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22 ft. long and with a 54 inch exit diameter. Fig. 2 shows a sketch 

of the facility. The nozzle was designed for an exit Mach number of 

20 and has been operated off-design over a range of conditions, using 

different throats, as low as M^ = 12. Fig. 4 shows the center line 

Mach number variation for two flow conditions. 

An important feature of this long nozzle is the time to form the 

flow. There is a considerable time delay in establishing flow from 

two causes; the time for the flow to travel the length of the nozzle, 

called the transit time, and the time for the boundary layer to develop 

on the nozzle walls. In computing flow conditions at any part in time 

it is important to relate to the right instant on the Pg (plenum pres¬ 

sure) trace. The transit time is calculated for each run and each 

instant of time for which data is required by integrating over the 

velocity along the center line of the nozzle from the throat to the exit. 

Fig. 7 shows the time variations of Ps/p5 and the calculated transit 

time for a typical run. 

2. 3 Models and Supports 

The models for the conical nozzle tests were 10°, 1/2-angle cones 

of 2" base diameter. Nose radius ratio RN/ R were .03 and .30. 
B 

Pressure measurements were made at the center of the base and used 

one trailing wire (see Fig. 1) of .030 inch diameter. The model 

support consisted of fine threads of .001 to .002 inch diameter. For 

the higher density conditions these threads were swept away with the 
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initial flow such that the model was "free flying" during the time of 

measurement with the threads outside the flow field. This latter 

fact was checked by photography. For the lower density conditions the 

flow density was too low for the threads to break and they remained 

intact. The heat transfer measurements were similar except that up 

to three gauge locations on the model were used with up to six trailing 

wires (of .020 inch diameter). 

For the contoured model tests larger models were used. For one 

series of tests a 9°, 1/2-angle cone of 4 1/2 inch diameter was used 

with a distribution of pressure taps across the base. Due to internal 

vibrations in the model influencing the gauge output few satisfactory 

measurements were obtained with this model. However, experience 

with this led to the model shown in Fig. 3. This has a thick base 

plate isolated from shock from the forward section by a thick rubber 

section. The forward section was approximately 6 pounds weight to 

minimize acceleration correction to the measured pressures. The 

gauge locations for the pressure measurements are also shown in 

Fig. 3. For the heat transfer measurements the gauges were similarly 

located. Of 12 locations six were used for any one run with six 

trailing vires of .030 diameter. 

The support wires for these larger models were .016 inch 

diameter maximum. These wires were present for all measurements 
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as the sophistication of the model precluded allowing the model to fall 

after the tests. 

2.4 Instrumentation 

Pressure and heat transfer measurements on the base of cones in 

hypersonic shock tunnels have some awkward characteristics. The 

transducers must be located in the tunnel, away from subsequent 

amplifiers and must measure very low level quantities. The result is 

low signal levels together with high noise and spurious signal pick-up. 

To help overcome these difficulties all instrumentation uses a primary 

amplifier located in the vicinity of the transducer (i.e. in the model) 

with the amplified signal transmitted to further amplifiers outside 

the tunnel. 

A detailed description of the instrumentation is given in reference 

1. The pressure measurements were obtained with piezo-electric 

type transducers and with field effect transistor (F.E.T.) and the 

newer insulated gate F.E.T. amplifiers. The heat gauges were 

painted thin films on quartz substrates and used constant voltage 

transistor amplifiers. For telemetry specially built frequency 

modulated transmitters were used with commercial receivers. 

3. Base Measurements 

■** * Effect of Trailing Wires and Support Wires 

Before any discussion of the base data obtained in the study the 
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effect of the wires that are present in the flow field should be considered. 

It was clear that these should be kept as small as possible and their 

sizes have been noted throughout the earlier description. 

The location of the trailing wires was chosen to minimize their 

influence on the flow field. By aligning them with the axis of the 

overall flow system the normal velocity component of any incident 

flow was kept small. By keeping them close to the outer rim of the 

base the wires were kept as remote as possible from the neck of the 

wake. 

Some experiments were made as a check on any effect from the 

trailing wires. Data was obtained on base heat transfer while the 

number of wires was reduced from 6 to 4 to 2 and finally, using 

telemetry, to zero. The result is included in Fig. 5. Within the 

accuracy of the experiment no change in base heat transfer (at the 

center of the base) was observed. 

In addition some local densities were measured using the electron 

beam excitation technique of Muntz (2) with and without trailing wires 

from the model. Here again, within the accuracy of the experiment, 

no change in density was observed. 

It is interesting to observe that the "compression strut" technique 

of Martellucci and Ranlet (5) has very similar geometry (with some¬ 

what larger components) and their conclusion also is that these strvts 

give minimal interference to the flow. 



The other wires present are support wires. For the 2" base 

diameter model these, when present, were ,002 inch diameter. 

7. 

Cresci and Zackay (6) introduced as a parameter the ratio of the 

support wire size to model base size or R-\y/Rg. Their conclusion 

was that for RW/RB-^ .006 no measureable off axis change in the 

flow could be observed. For the conical flow tests RW/RB =■ .001 

and for the worst case, the 5 inch base diameter model with .016 inch 

wires Rw/Rb/v .00 3. Todisco and Pallone (7) observed no change 

in stagnation temperatures when R^y/Rg was increased from .005 to 

.0075. In a more recent paper (8) these authors reported the effect 

of wire size on pressure measurements in the near wake and con¬ 

cluded for Rw/Rb < .0083 these pressures were unchanged by the 

presence of the wire. Dayman (9) observed, optically, a definite 

change in near wake characteristics due to the presence of support 

wires. However this was for Ryf/R-Q^ .027 and with "tags'1 on the 

wire. Dayman's results do not appear to disagree with those of 

Cresci and Zackay. Note that R^y/RB is only a useful parameter 

in these remarks because the flow conditions, in particular local 

densities, are very similar from tunnel to tunnel. 

The conclusion drawn is that while a complete definitive study of 

the effect of support wires is not available all evidence indicates that 

for R^y/Rg ^ .003, as used in the present work, any influence of 

support wires is lost in the results of the experimental data. 
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3. 2 Flow Formation Time and Stability 

A critical feature of studies in hypersonic shock tunnels is the 

short time period available for measurement. With the conical nozzle, 

approximately 3 feet in length, the time to establish nozzle flow was 

quite short (i.e. considerably less than one millisecond). The wake 

flows, with 2 inch base diameter models, also established quite 

quickly. Fig. 6 shows traces and time resolution of the non- 

dimensional base pressure while Fig. 5 shows time resolution of the 

non-dimenslonalized heat transfer. It is apparent that the wake flows 

are quasi-steady after approximately 1 1/2 milliseconds and continues 

until at least 5 milliseconds after flow establishment. 

The flows in the contoured nozzle were somewhat different. Fig. 7 

shows time resolved data for a stagnation probe in the free stream, the 

cone pressure and a base pressure location. As can be seen the 

establishment of the free stream flow takes considerably longer than in 

the conical nozzle. Moreover the base flow indicates a definite ending 

of the quasi-steady flow about 5 milliseconds after initial flow 

establishment (or approximately 8 milliseconds after P5). It should 

be noted that a few runs were made when a quasi-steady base flow was 

not established, consequently no data was obtained from these runs. It 

can also be observed that for quasi-steady wake flow the wake formation 

time is absorbed with the formation of the free stream. No additional 

time was needed. 
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3. 3 Base Pressure Results 

Base pressure data, including profiles across the base and on to 

the rear of the cone surface, has been obtained for 9 and 10° cones 

and for bluntness ratios (RN/Rß) from .01 to . 30. The parameter 

considered are nose bluntness ratio (RN/Rß), Reynolds Number and 

Mach Number. For convenience the 9 and 10° cones are considered 

equivalent and no distinction is made between them in the data 

presentation. Only flat bases were considered. A small amount of 

data on angle of attack was obtained. 

Consider first the base pressure as measured at the center of the 

base for zero angle of attack. This is denoted by Pb(0). From the 

profiles this was generally a maximum in pressure (excluding the 

corner flow). Conical nozzle and contoured nozzle data for the ratio 

—-Í-.L are compared in Fig. 8 for sharp cones at M» - 12. Note 
Poo B 

that Po« B denotes the free stream static pressure at the location of 

the base of the model and that conical data here differs from that 

presented earlier in reference 4 since there the static pressure at the 

nose was used as a reference. With the exception of one data point 

there is excellent agreement between the two series of measurements. 

For free stream Mach number of 12, Fig. 8 clearly indicates that 

the base pressure is a function of Reynolds number, decreasing as the 

Reynolds number increases. This means that as the boundary layer 

on the cone surface increases in thickness the base pressure increases. 
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This trend was predicted by Weiss (10), when the boundary layer is 

laminar on the cone surface. Also shown in Fig. 8 are two data 

points for Martellucci and Ranlet (5). These were for a 10" base dia¬ 

meter 10° cone and used the "compression strut" support referred to 

earlier. These points agree with the trend already observed. 

Fig. 9 shows data fo" various free stream Mach numbers. Data 

of Martellucci and Ranlet (5) at Moo= 8, 10, 12, of Ward and Choate (11) 

at M^o = 10 and Cassanto (12) at Meo= 19 is shown with data obtained 

in this study for = 12, 18 and 20. This data is all for sharp 

(Rjq/Rg'''-' .03) 9° and 10° 1/2-angle cones with flat bases. It is 

apparent that the Reynolds number effect seen earlier at M^ = 12 is 

also true at other Mach numbers. It is apparent that increasing the 

free stream Mach number significantly increases the base pressure. 

Varying the nose radius also changes the base pressure. Fig. 10 

demonstrates this. At high Reynolds number ('v 1Q^) increasing the 

nose bluntness ratio increases the base pressure. As the Reynolds 

number is decreased, however, the effect of increasing nose bluntness 

4 
diminishes until at a Re/ft of 8.5 x 10 little change in base pressure 

was observed. This result is distinctly different from the results 

reported earlier from conical nozzle blunted cone tests c.f. Muntz 

and Softley (4), The reason for this is not known; however, these 

earlier results were seriously influenced by acceleration of the 

relatively light models and inaccurate correction for acceleration to the 
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blunt body data could be a clue to the difference. 

Information was also obtained on pressure distribution across the 

base. Indeed, following a suggestion of Dr. Sheldon Weinbaum of 

GL-SSL,particular effort was applied to obtaining information near the 

corner of the base and on the rear cone surface. Fig. 11 shows two 

profiles for the 9° sharp (RN/RB = .01) flat based cone for two 

Reynolds numbers and the free stream Mach number of 12. At 

Re oo B = 2. 3 X 106 the base pressure drops continuously as the corner 

is approached, while the cone pressure does not show any indication of 

the presence of the corner (within, of course, the extent of the 

instrumentation). At Re <*> L = 7 x 105, however, the influence of the 

corner on the pressure distribution can be clearly seen both in a 

pressure rise on the base as the corner is approached and in a 

corresponding drop in cone pressure. At lower Reoo L this corner 

influence was also observed. 

Compare these profiles with two obtained on a slightly blunted cone 

(Rj^/Rg = .10) (see Fig. 12). For condition 1 (free stream Reynolds 

number/ft= 1.7 x 10^) the increase in nose radius from R^/Rß =.01 

(see Fig. 11) to R^/R^ = . 10 (Fig. 12) gives a somewhat higher base 

pressure level. In addition there is evidence of corner influence in the 

cone pressure for the blunt cone. 

The second curve in Fig. 12 demonstrates a greatly reduced 



12. 

Reynolds number. The pressure variation across the base is greatly 

reduced while the influence of the base on the cone flow is more 

marked than at higher Re/ft. Similarly some data for a blunter cone 

(RN/RB = -275) are shown in Fig. 13. Again at the higher Reynolds 

number condition the base pressure drops continuously toward the 

corner. At a slightly lower Reynolds number, however, the drop in 

pressure at the corner is no longer sharp but spreads over both the 

cone and base surfaces. 

Such a corner influence with the cone flow turning before it 

reaches the corner is not completely new. Weinbaum (13) has 

suggested it in recent reports. Hama (14, 15) has observed 

xperimentally this phenomenon on a wedge and Kavanau (16) (in 1956) 

certainly recognized it. The importance in theoretical calculations 

is evident since the flow at the corner is no longer described by the 

boundary layer simplifications. 

It is interesting to note the dramatic change of the corner effect 

for a relatively small variation in Reynolds number (Fig. 11). The 

distance of upstream Influence is clearly not directly proportional 

to boundary layer thickness as might be expected. One acceptable 

explanation is that the boundary layer on the cone at the high Reynolds 

number Is transitional or turbulent. Some as yet unreported data on 

boundary layer transition on a cone obtained in this facility indicates 

that.for the case above.transition will indeed have started on the cone 
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surface. 

3' 4 Base Heat Transfer Results 

Base heat transfer measurements were obtained for 9 and 10° 

cones, with nose bluntness variation at a matrix of conditions, all 

at approximately free stream Mach number of 12. The parameters 

considered were Reynolds number, nose bluntness and wall temp¬ 

erature ratio. Profiles were obtained at each condition. 

A more complete discussion on these results is given in Ref. 1. 

Remarks here will be limited to a few sharp cone results. 

Some profiles of base heat transfe r are shown in Fig. 14. In 

general, a maximum in heat transfer occurs at or near the center 

of the base. More interesting is the fact that the heat transfer does 

not follow a given pattern as 
rB is increased. The influence of the 

seen. pressure field near the corner of the base is clearly 

The high value of heat transfer away from the center of the base 

(demonstrated clearly by the half filled symbols) is not due to a 

faulty gauge. It was in fact repeated for three separate instrument¬ 

ation systems. It is felt that this is indicative of the separating 

streamline leaving the base at a point distinctly removed from the 

corner. 

Since the base heat transfer is clearly dependent on local 

conditions especially the local total temperature an attempt »as made 
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to correlate the measurements with near wake measurements. The 

electron beam measurements of Muntz (2, 3, 4) were used to provide 

values for h^, the recovery enthalpy of the recirculation region. 

Fig. 15 shows the result of this correlation. Heat transfer values 

with well over an order of magnitude in variation are reduced to a 

very weak dependence on free stream Reynolds number. The 

conclusion is drawn that the trends of near wake temperatures 

observed by Muntz are supported by the base heat transfer measure¬ 

ments. 

Comparison of base heat transfer with theoretical analysis is 

difficult due to the lack of theoretical calculations at the correct 

range of parameters. However, an attempt was made to compare with 

the work of King (17). In Fig. 16 the total base heat transfer obtained 

by integrating across the measured profiles are non-dimensionalized 

with the total cone heat transfer and considered as a function of free 

stream Reynolds number. The open symbols are data shown in an 

earlier comparison and for these a linear profile of heat transfer 

i.e. q(rB) = q(0) (l-rB/RB) was used. As can be seen neither the 

level nor the Reynolds number dependence for QB/QW agrees with the 

theory. Moreover the linear dependence assumed earlier is clearly 

a poor assumption. Indeed the integrated base heat transfer is very 

dependent on the quantities near the corner and hence on the flow 

geometry referred to earlier. This geometry was not included in the 
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analysis of reference 17 (or Ref. 18. Baum, King and Denison). 

4. Conclusions 

The shock tunnel has been used as a facility to study base flows. 

Within the model sise limitation used it has always been possible to 

establish a quasi-steady wake flow. Comparison between data 

obtained in conical and contoured nozzle tunnels indicates good 

agreement provided local pressures are used as reference. 

The problem of obtaining data without interfering with the flow 

can be solved hv carefully chos„n geometry. Ihe trail¡ng ^ 

technique with the wires carrying amplified signals provides reason¬ 

able signal and signal/noise ratios under the most extreme conditions. 

(The lowest values measured in this program were 5 x l(r4lb/in2 

pressure and 3 x lO^Btu/ft2 sec heat transfer). 

Base pressures and profiles of base pressure were measured at a 

number of flow conditions. The levels obtained were in good agreement 

With the axial profiles obtained by Muntz and Softley (4) and with the 

data of Martellucci and Ranlet (5) and Ward and Choate (11). Mach 

number, Reynolds number and nose bluntness influenced the pressure 

level. Wall temperature ratio did not appear to have any influence on 

the base pressure ratio. In addition the sharp drop of pressure around 

the corner of the base diminishes as the Reynolds number decreases 

and considerable upstream influence of the base on the cone pressure 

was observed. 
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The influence of Reynolds number and wall temperature ratio on 

base heat transfer has been observed. The levels and Reynolds 

number dependence measured were not in general agreement with 

King (17). The behavior of recirculation flow enthalpy observed by 

Muntz and Softley (4) appears consistent with the base heat data 

observed. 
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CONICAL NOZZLE 



TEST DURATION [ ms ] 

Fig. 5 Oscilloscope Traces and Time Resolved Base Heat Transfer Data 
(6"/30" Conical Nozzle Shock Tunnel). 
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Fig. 6 Oscilloscope Traces and Time Resolved Base Pressure Data 
(6'730" Conical Nozzle Shock Tunnel). 



Fig. 7 Time Resolved Free Stream and Base Pressures 
(Contoured Nozzle and 5 Inch Base Diameter 9° Cone). 

O 10* CONE 6V30“ CONICAL NOZZLE TUNNEL 

□ 9* CONE 6V54" CONTOURED NOZZLE TUNNEL 

O 10* CONE OASL TUNNEL (REF 5) 

ReooL 

Fig. 8 Comparison of Conical Nozzle and Contoured Nozzle Base Pressures 
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Fig. 11 Base Pressure Profiles on a Sharp Cone. 



Fig. 12 Base Pressure Profiles on a Slightly Blunted Cone. 
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Fig. 13 Base Pressure Profile on a Blunted Cone. 
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SUMMARY 

In axi-symmetric cavities and after steps of bodies of revolution 
measurements of heat transfer and pressure were made at Mach-numbers till 
1C and varying Reynolds numbers. The heat transfer tests were made by 
means of a thin film calorimeter method; they concern local as well as 
average heat transfer rates. By optical observation detailed results on 
the flow behaviour could be gained. The measurements were made in the 
DVL-gun-tunnel. The results are compared with theoretical solutions. 

RESUME 

On a effectué sur des corps de révolution, dans les cavités 
symétriques \ l'axe ainsi que dans les parties postérieures au redan, 
des mesures de pression et de transfert de chaleur, pour des nombres de 
Mach allant jusqu'k 16 et différents nombres de Reynolds. Pour des 
mesures de transfert de chaleur on a eu recours h une méthode utilisant 
un calorimètre la pellicule fine; ces mesures portèrent sur les taux de 
transferts de chaleur locaux et moyens. Grâce à des observations 
optiques, on a pu obtenir des résultats détaillés sur le comportement 
de l'écoulement. Les mesures furent effectuées dans le tunnel de tir 
du DVL, et les résultats obtenus sont comparés aux solutions théoriques. 



NOTATION 
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U 

C 

D 
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L 
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R = D/2 

T 

X 

R il 

@+ 4- -, total 

T 

sting diameter 

heat transfer 

heat flux 

velocity 

condensor 

diameter of basic model 

cavity depth 

cavity length 

Mach number 

pressure 

radius of the basic model 

temperature 

cartesian coordinate 

resistance 

Reynolds number related to the body diameter D 

total angle of the conical nose 

time factor 



Subscripts 

a 

r 

s 

t 

fl 

sep 

CO 

related to the average value 

related to the reattachment zone behind 

stagnation conditions 

total conditions 

related to cavity flank 

related to the separation point 

free stream conditions 

related to the corresponding cylinder 

cavity 



HYPERSONIC INVESTIGATIONS ON THE LOCAL AND AVERAGE 

HEAT TRANSFER IN CAVITIES AND AFTER STEPS 

OF BODIES OF REVOLUTION 

W. Wyborny, H.-P. Kabelitz and H.-J. Schepers 

1. INTRODUCTION 

Among the re-entry problems of space vehicles Investigations of cavities 

and wakes at hypersonic speeds become more and more Important. One of 

the problems of these vehicles Is to reduce the heat flux to the body 

surface in spite of high drag coefficients. The estimations of ALLEN 

and EGOERS (Ref. 1) have shown that the smallest heat flux to the body 

surface will be attained if the ratio of friction to drag is minimized. 

For the reduction of the heat flux cavities are proposed. 

For long cavities the flow field becomes similar to the flow field of 

wakes, but there exists no detailed description of the physical features 

of the flow in the wake and the cavity. Important for both cases are: 

the separation process of the boundary layer, the development of a free 

shear layer with a core in the cavity or the base flow region of a 

vehicle, and the reattachment of the free boundary layer. The measure¬ 

ments of heat transfer In cavities and behind rotationally symmetric 

steps presented in this paper were made In order to study these features 

for cavities of different lengths. 
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2. APPARATUS AND TEST CONDITIONS 

2.1 Facility and Instrumentation 

The tests were performed in the DVL gun tunnel. A complete description 

of the tunnel and operating conditions Is given in References 2 and 3. 

The tunnel consists of a high pressure vessel with a volume of 

V = 0,15 m » a barrel with a length of 6 m and an internal diameter of 

o 
6 cm, a 12 angle conical nozzle with a 22 cm exit diameter, a closed 

test section, and a vacuum tank. Diaphragms exist between the high 

pressure section and the oarrel and between barrel and nozzle inlet. 

After bursting of the diaphragms at the high pressure section a light 

piston is accellerated along the barrel and compresses the test gas 

(air) in the barrel upstream of the nozzle. 

The instrumentation of the gun tunnel is also fully described in Refe¬ 

rences 2 and 3. Measurements of the speed of the piston and of the 

shock wave In front of it are carried out with platinum film pick-ups 

mounted in the wall of the barrel. For the pressure measurements 

crystal transducers are used. The flow pattern becomes visible by use 

of a schlieren apparatus. The spark for photographic illumination is 

triggered by the delayed signal of a pressure transducer. 

2.2 Test Conditions 

The free stream conditions in the test section are depending on the 

Mach number which is determined by the nozzle throat and the fixed 

test section diameter, the total pressure in front of the nozzle 



depending on the Inltlel pressure In the high pressure vessel, and the 

stagnation temperature depending on the pressure ratio of the test gas 

in the high pressure vessel and the barrel. Prom these data the free 

stream velocity and the Heynolds number In the test section can be 

calculated. For the heat transfer measurements discussed In this paper 

the following conditions are chosen: 

Free stream Mach number M,~ 
CT'O 

Total pressure p Î1 
_ i cm j 
stagnation temperature T f°Kj 

Free stream velocity u fm ] 
[secj 

Reynolds number nP 
fcD 

8,75 

3 55 

980 

1365 

0,48 X 10(; 

13,37 

155 

1370 

I600 

0,1 X 1(/ 

2.3 Models and Instrumentation 

cylindrical bodies having a base diameter of D . 3 cm are used for 

the tests. One of It Is spherical nosed, the other one has a conical 

nose With a cone angle of 90 degrees. TVo different cavity depths are 

obtained by altering the sting diameter (d). The diameter d , P cm 

corresponds to a cavity depth of H/R , 0,». the diameter d , 1.5 0m 

to a cavity depth of H/R , 0.5. Different oavIty lengths L are 

by moving a cylindrical hollow afterbody in the axial direction. For 

an cavities and steps the length of the forebody (nose and cylinder) 

2.5 cm, it Is equal for both nose shapes. Por the cavity 

measurements only the configuration with the spherical nose Is used. 

The heat transfer 
measurements are carried out with platinum thin film 
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resistance thermometers (Reí. 4). These platinum films prepared on a 

cylinder of pyrex glass (Figure 1) have a resistance of 200 Ohms and 

a temperature coefficient of 

ÀR , . 

RxÃT * x 10° V1 

The delay tine of the films is about l^usec. The time dependent tempe¬ 

rature of the films is transformed directly into heat transfer rates 

by a T-seution analogue network (Ref. 5)* ihese analogue networks are 

characterized by a time constant r = 100 /msec and a running time of 

20 msec using (50 idential RC sections (Figure 2). An example of the 

measured surface temperature and the transformed heat transfer rate is 

shown in Figure 3. Ihe film thermometer was located in a cavity and the 

testing time available was 15 msec at a Mach number of = 8,75. 

At the same point on the model the heat transfer rate at Mach number 

M,,- 8,75 was nearly three times of the rate at Mach number M^, = 13,37. 

Consequently, the measurements at the higher Mach number show more 

scatter. 

3- HEAT TRANSFER IN CAVITIES 

3.1 Basic Models 

The first heat transfer measurements were made at the stagnation point 

of a hemisphere and on the cylinder part of both basic models. The 

stagnation point heat transfer was measured at two stagnation tempe¬ 

ratures and two Mach numbers with a copper thick film calorimeter and 



with a platinum thin film thermometer. The stagnation point heat trans¬ 

fer rates measured by these two methods had a misrate of less than 5 % 

and were In good agreement with the data calculated by PAY and RIDDEL 

(Ref. 6) for both stagnation temperatures and both Mach numbers. 

Figure 4 shows the measured heat flux on the cylinder related to the 

stagnation point heat flux of the hemisphere for the two basic models 

and the Mach numbers * bf75 and 13,57. As experimental data 

have shown, the concept of the local similarity (Ref. 7, 8 and 9) gives 

a good description of the heat transfer for such models if the pressure 

distribution on the model is known. Ihis is not measured in the present 

case. As known the calculated pressure on the cylinder is given too 

low by Newtonian theory and too high by the blast wave analogy 

(Ref. 10, 11 and 12). Similar results were obtained for the heat 

transfer rate near the shoulder. 

For both Mach numbers indeed the measured heat transfer rates are 

being between the data calculated from this two methods. The better 

approximation is the result using the pressure distribution obtained 

by the blast wave analogy. In best agreement with our experimental data 

are the data calculated by HANAWALT, BLESSING and SCHMIDT (Ref. I3) 

with a modified blast wave pressure distribution. 

3.2 Measurements on the Cavity Bottom 

At Mach number M^- 8,75 the trend of the measured heat transfer rates 
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on the cavity bottom is shown in Figure 5 and Figure 6 for two cavity 

depths and different cavity lengths. For the deeper cavity (H/H = 0,5, 

Figure 5) schlieren photographs show (Figure 7) that in the case of 

the longer cavities the boundary layer reattaches to the cavity bottom. 

Reattachment is not observed when using the smaller cavity depth 

(H/R = 0,33# Figure 6) even for long cavities. Corresponding to the 

observed flow pattern for longer cavities the difference in the heat 

transfer rates for the two cavity depths may be explained. In those 

cases where the free shear layer reattaches the heat flux properties 

in the reattachment zone are nearly the same as are observed in the 

wake. In this case (Figure 5) a clear division of the cavity flow in 

three parts is possible, i.e. the zone of the wake flow, the reattach¬ 

ment zone of the boundary layer, and the following separation zone. In 

the reattachment zone one finds for the different cavity lengths a 

qualitative and a quantitative agreement of the measured heat transfer 

rates. Short cavities without reattachment of the separated boundary 

layer at the cavity bottom have a similar trend of heat transfer versus 

I/H as long cavities in the downstream separation zone. 

If the flow conditions in the cavity are characterized by a recircu¬ 

lation the origin of the boundary layer on the cavity walls must be the 

stagnation point of the free shear layer. On the basis of the above 

flow model, Figure 8 shows the measured heat transfer rates and it is 

obvious that cavities without reatt&chment of the separated boundary 

layer at the cavity bottom all lie within a particular region (hatched 

in Figure 8). In contrast, cavities with reattachment have a 
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characteristic trend. As Figure 9 shows, the main parameter for the 

heat transfer in cavities without reattachment does not seen, to be the 

length built by the cavity length L plus the cavity depth H, but the 

ng of the cavity bottom. The results of the theory from BURGGRAF 

lRef. 15) which is based on the assumption of an inviscid core in the 

region of recirculation are shown in Figure 9 for comparison. The 

measured data do not show for fixed Mach ntnnbers the stro^ dependence 

on the ratio of cavity length to cavity depth as BURGGRAF's theory 

predicts. The difference of the results for the two Mach numbers seem 

to be Influenced by the different Reynolds numbers. The heat transfer 

rates seem to be nearly Independent of the cavity depth and they can 

be normalized by the cavity length in this case. Moreover, the trend 

of the heat transfer does not follow a known exponential law of the 

dary layer theory as for example in the theory of BURGGRAF. This 

result is in good agreement with the measured data presented by NICOLL 

and BOGDONOFF (Ref. 16). tho^h their cavity was located in a conical 

body and had rounded corners. 

3.3 Measurements on the Flanks of the g ..u „ 
aima ui uie uavities and In the Reattachment 

Zone Behind the Cavity 

For the estimation of the influence of a cavity to the overall heat 

transfer a knowledge of the heat transfer rates on the cavity flank 

and on the cylinder behind the cavity is necessary because the highest 

heat transfer rates are expected there. In the measurements heat trans¬ 

fer on the cavity flank Increased in the direction oi the cavity bottom. 

“11 ..I'—..I.. i, 
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while the produot of the local value q x d seemed to be constant for 

th„ cavity, ■me average heat transfer for the cavity flan* ^ Increa- 

ses with the increased cavity length (Fig. 10). The fla *at transfer 

at Mach number 8,75 is the same for both cavity depths for the 

same ratio I/H and increases with increasing L/H. At a critical value 

of I/H, depending on L/R, an unsteady change in the slope of q 
fl 

occurs, there the so called transitional trend begins. The heat trans¬ 

fer rates for the reattachment zone at the cavity flanks are calculated 

by a theory of CHUNG and VIEGAS (Ref. 1?) and are shown for comparison 

in Figure 10. 

The heat flux in the reattachment zone behind the cavity is characte¬ 

rized by the velocity on the dividing streamline, which increases with 

increasing distance from the separation point (Ref. 18). For short 

cavities, where the shear flow has not developed to the CHAPMAN profile, 

the heat flux relative to the heat flux of the basic model in the 

reattachment »one is lower than for longer cavities and the slope of 

the heat flux versus X/D increases with increasing cavity length. The 

basic explanation of this observation is that the free shear layer 

develops to the CHAPMAN profile with increasing cavity length. Measure¬ 

ments of NICOLL and B0GD0N0FF (Ref. 16) show the same trend (Fig. 11). 

The same measurements are crossplotted in Figure 12 and it is obvious 

that for short cavities until L/H ■ 1,5 the heat flux at the reattach¬ 

ment zone is reduced by the influence of the cavity. For increasing 

cavity lengths the heat flux increases and exceeds the heat flux ob¬ 

tained for the basic model. 



2.4 Comparison of the Average Heat Flux to the Cavities and the 

Basic Model 

To gain a» impression of the real heat transfer rates at and in the 

cavities and the corresponding cylinder, the measured heat transfer 

rates for a long cavity without reattachment of the separated boundary 

layer on the cavity bottom and for the corresponding cylinder are shown 

in Figure l?. It may be clearly seen that for the cavity the heat 

transfer rates in the stagnation and reattachment zone at the down¬ 

stream end of the cavity bottom, on the cavity flank, and on the 

cylinder behind the cavity are greater than the cylinder, so that the 

reduction of the heat transfer in the cavity is considerably compen¬ 

sated by the other parts. In Figure 14 the average heat transfer Is 

shown for cavities of different lengths related to the heat transfer 

of the corresponding cylinder. Considering only the average heat trans¬ 

fer on the cavity bottom, one finds a nearly constant slope of heat 

transfer versus cavity length, but the slope and the range is different 

the two Mach numbers. If one looks at the average heat transfer of 

the whole of the cavity, one recognizes that for the lower Mach number 

and higher Reynolds number the measured heat transfer rates for short 

cavities only agree with the theoretical data calculated by CHAPMAN 

(Ref. 19), while the average heat transfer for long cavities increases. 

For the long cavities it reaches higher values than the heat transfer 

of the corresponding cylinder. At the Mach number 13,37 this trend 

will be transplanted to much longer cavities, but the main reason for 

this effect seems to be the influence of the Reynolds number. 
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The assumption that the free shear flow Is laminar in the region where 

(h/h)a Is Independent of the cavity length and then has a transitional 

trend corresponding to the increasing heat transfer, as predicted by 

CHAPMAN'S theory (Ref. 19) and proved by LARSON's experiments (Ref. 20), 

may be valid in the case of the deeper cavity (H/R = 0,5) at Mach num¬ 

ber M„= 8,75 (Pig. 10). But the same Figure shows that the flow for 

the less deep cavity (H/R = 0,33), corresponding to the heat transfer 

on the flanks, seems to be laminar for longer cavities, although the 

average heat transfer in Figure 14 increases and reaches values which 

are higher than those of the corresponding cylinder. 

4. MEASUREMEfTTS OF HEAT FLUX BEHIND R0TATI0NALLY SYMMETRIC STEPS 

Figures 15 and 16 show the heat flux on the sting behind axisymmetric 

steps for two basic body noses at two Mach n’mbers and two different 

sting diameters. In the region of the free shear layer flow the heat 

transfer rates are as high as in the cavities. In all cases the region 

of the highest heat transfer is behind the reattachment point as 

determined from schlieren pictures. The maximum heat transfer rate at 

the higher Mach number and the lower Reynolds number is nearly one half 

the corresponding value for the lower Mach number and the higher 

Reynolds number. The discontinuous development of the heat transfer 

rate in the region of the reattached boundary layer which was repro¬ 

duced for several models and platinum film thermometers during several 

tests is probably associated with pressure gradients in this region. 



5. CONCLUSIONS 

The heat transfer measurements in the DVL gun tunnel show that for the 

estimation of the heat transfer to a cylinder with a cavity not only 

the heat flux on the cavity bottom is important but also the heat 

transfer on the flank and behind the cavity. It is shown that the flow 

in a cavity and behind rotationally symmetric steps has nearly the 

same characteristic behaviour. The measurements in the reattachment 

zone behind a cavity lead to the conclusion that the reduction of the 

heat flux is possible using short cavities until a length-height ratio 

of L/H«#l,5 is reached. Similar considerations show the advantage of 

short cavities with regard to the heat transfer in the whole cavity. 

In view of technical application these facts lead to the conclusion 

that the reduction of heat transfer at hypersonic speeds is possible 

by a series of short cavities. 

This work was sponsored by the Deutsche Gesellschaft für Plugwissen, 

schäften (DGF), lhe authors also like to thank Professor A. Naumann 

and Professor A. Heyser for their help and interest In this work. 
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SUMMARY 

The authors present numerical solutions to the complete time-dependent 
Navier-Stokes equations for a two-dimensional flow, namely, the transient 
hypersonic flow around a right circular cylinder, including finite reaction rate 
chemistry for the dissociation of a diatomic gas. And, in particular the 
mathematical question of convergence is treated in detail. 

The basic approach utilized here relies on the use of the time-dependent 
Navier-Stokes equations, since as suggested by Crocco, it is often preferable 
to emulate nature by solving the flow field problems as an initial value problem. 
The governing equations for the conservation of mass, momentum, energy and 
chemical species were first expressed in cylindrical coordinates. Then, a 
set of "explicit-implicit" Unite difference equations was introduced. The 
resulting equations were then analyzed for stability and convergence and 
specific criteria were established for determining the step sizes to be used 
for each independent variable r, e and t. 

Numerical solutions were then obtained on both IBM 7094 and CDC 6600 
digital computers for the hypersonic flow around a right circular cylinder for 
a range of Reynolds numbers 1 < Re < 1000. In these computations, the free 
stream velocity was held fixed at 20, 000 ft/sec, and the Reynolds number was 
varied by changing the free stream density (simulated altitude) and the 
cylinder radius. 

The new results represent the first time that our methods have been 
utilized for the solution of a two-dimensional flow problem, in which chemical 
reactions are included. 

The results presented here are significant because: 

1. New insight is obtained into the structure of the near wake behind a 
blunt object including the effects of compressibility, heat conduction, 
viscosity and chemical reactions. 

2. The effects of Reynolds number on the wake are determined for a 
wide range of Reynolds number. 

3. Our results can be used as a yardstick against which other approxi¬ 
mate methods can be assessed. 

4. Sufficient detail is given so that meaningful new experiments can be 
planned in future wake research. 
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1. INTRODUCTION 

During the past several years, the authors have been engaged in the develop¬ 

ment of numerical procedures for solving the time-dependent Navier-Stokes 

equations ( 4) for real gas flows.<5) For the treatment of such flows, this 

implies that one will include in the system of equations the specific effects of 

compressibility, viscous dissipation, thermal conduction, diffusion and chemical 

reactions. The resulting system of nonlinear partial differential equations is so 

complex that one anticipates that a large amount of computer time will be required 

for the numerical solution of the finite difference representation of the system. 

Consequently, our rationale has been that we would begin our investigation with 

the simplest geometry and the simplest, but nevertheless realistic, gas model. 
/£*\ 

In our first paper, in which numerical solutions were presented for the 

complete time-dependent Navier-Stokes equations, we treated the piston problem 

for a perfect non-reacting gas. The planar piston was accelerated into a quiescent 

gas and the development of the resulting one-dimensional shock wave and its sub¬ 

sequent reflection at a wall were followed in time. The gas model utilized for 

nitrogen specified that the molecules had a constant specific heat, but that the 

viscosity and thermal conductivity coefficients were variable and were taken as 

proportional to the square root of the local absolute temperature of the gas. 

In a following investigation,*7* the one-dimensional time-dependent Navier- 

Stokes equations were utilized in going to the asymptotic time limit, or steady 

state solution. Here, it was found possible to make a direct comparison of our 

results with Becker's classical solution for shock wave structure.(8) 
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Having treated planar problems successfully, the authors also examined a 

spherically-symmetric flow in which the time-dependent Navier-Stokes equations 

(9) were solved in spherical coordinates. 

In an investigation reported on earlier this year, the authors extended 

their numerical techniques to the treatment of the supersonic flow of a non-reacting 

gas around a circular cylinder, and solutions were obtained for the development of 

the flow field as a function of time for a given Mach number and several values of 

the Reynolds number. 

In the present paper, we will retain the cylindrical geometry utilized earlier, 

however, we will introduce three additional complications. At sufficiently high 

gas temperatures, we will allow the gas molecules to undergo dissociation and 

recombination processes according to the appropriate chemical kinetic equations . 

This results in the production of atomic species in the flow. Consequently, it 

becomes necessary to introduce the specific effects of diffusion and chemical 

reactions and it is then more realistic to utilize a variable specific heat which 

depends on the local gas composition and local gas temperature. 

As stated in our earlier paper, *10) the authors believe that numerical work 

dictates that one should consider the stability, convergence and uniqueness of the 

results expected from a proposed computation method before one begins the com¬ 

putations. At the present time, methods do not exist for rigorously establishing 

the convergence and uniqueness of the solution of a finite difference equation to 

the solution of a reasonably complex nonlinear partial differantial equation. In fact, 
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it is in general quite difficult to establish the existence of a unique solution to the 

partial differentia] equations themselves; in the case of the Navier-Stokes equations, 

this is still an unsolved problem. 

Nevertheless, there are criteria and procedures which we think must be followed if 

one is to be reasonably sure of the validity of the numerical results that one obtains. 

Some of these are: 

1) One should begin with a well-posed mathematical problem. That is, the existence 

of a unique solution to the mathematical system of partial differential equations should 

first be demonstrated. As just noted, very often this is beyond the present state of the 

art. However, certain mathematical concepts, such as characteristics,have been established(11) 

and should be applied whenever possible. 

2) The stability of the difference equations should be investigated. At the present 

time, since the concept of stabUity is not yet well defined for nonlinear partial differential 

equations, at the very least one should study the stability for a suitably linearized system. 

For example, one may set the coefficients of certain terms equal to constants and hence 

independent of the dependent variables, and study the stability of the resulting system of 

equations. If these are not stable, it is unlikely that the full nonlinear set will be well 

behaved. 

3) The consistency of the difference equations should be established. That is, one 

would like to demonstrate that the finite difference equations truly represent the partial 

differential equations. Normally, this is a truncation error type analysis, as for example 

the Dufort-Frankel difference equation.«1--14' Howeveri in c0„p,lc>Md d|„erenc<, 

»here, for example, different terms are evaluated at neighboring mesh pointe the .1...-.0.- 

can be quite treacherous. Gordon discusses this more carefully in reference.(l5) At any 
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rate, the possibility of converging to a solution of the wrong differential equation 

is not remote and should be carefully examined. 

Having successfully completed this type of analytic study, one can proceed 

with at least a small degree of confidence to the actual computations. It is now 

necessary to perform an "experimental" check on the above analysis. This can 

be done, as discussed in reference 6, by making a sequence of computer runs for 

the same initial values and boundary conditions, in which the mesh size is reduced 

according to the criteria developed in steps 2) and 3) above. A comparison of 

these sequential results should clearly indicate convergence. 

It is perhaps also worth mentioning that at some point it is also desirable to 

compare the theoretical predictions with careful!., executed experiments to further 

verify the numerical results and conclusions which may be derived. 
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2- DEFINITION of physical problem 

As discussed in reference 6, prior to 1965 the published work on viscous gas 

flows involving the presence of shock waves*16'25* was based on one of several 

approximate approaches, solving approximations to the complete Navier-Stokes 

equations. A major step forward was made in 1965 when Crocco*26* suggested 

an asymptotic method of solving the steady Navier-Stokes equations. Shortly, there¬ 

after, the authors treated the complete time-dependent Navier-Stokes equations for 

the formation and reflection of a planar shock wave. (6) As noted in the introduction, 

the authors' success in solving the Navier-Stokes equations utilizing a new explicit- 

implicit finite difference scheme suggested that one might expect to attack more com¬ 

plex problems utilizing present generation digital computers. 

In a shock tube, one establishes the supersonic flow around an object by gener¬ 

ating a shock wave and allowing it to propagate downstream followed by a "uniform" 

flow which lasts for a relatively short time (usually a maximum of milliseconds). 

This relatively short test time is usually sufficient to establish what amounts to 

"steady" flow as an asymptote, depending on what physical measurements one wishes 

to make. 

A, in our moot recent earlier work, |10> we have decided to imitate nature by gener¬ 

ating a planar shock wave with a piston moving Into a quiescent gas, and then per¬ 

mitting this planar shock wave to propagate past a right circular cylinder oriented 

so that the free stream flow Is perpendicular to the aals of the cylinder (see Figure 1,. 

One expects that the planar shock wave will become distorted by the cylinder, part 

of it being "held" by the cylinder near the axis, while those portions Just off the axis 
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become curved and the outermost regions of the shock wave continue to propagate 

downstream as a planar shock wave. 

In this problem, it is noted that although the free stream gas has a relatively 

high temperature behind the incident shock wave (i. e. 8960 °R), it is nevertheless 

-4 too low to produce a significant concentration of atomic species (i.e. CN < 10 ). 

In general, the atomic species are produced in the hotter regions of the flow field. 

Since we will invoke the assumption of an adiabatic wail, the region near the surface 

of the cylinder will be the hottest region. Hence, in this problem the atomic species 

will tend to be formed near the body and will be transported downstream by convection 

and diffusion. 
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^EQUATIONS and boundary conditions 

In treating the two-dimensional, compressible, viscous, thermally conducting, 

diffusing, chemically reacting, time-dependent flow about a cylinder, it is convenient 

to use polar cylindrical coordinates it r 8\ », , 8'l, r’ Accordingly, the Navier-Stokes equations 

may be written as follows. The conservation of mass is: 

JLÉ 
òt + I 

r [-£■ lprV (PV6, 0 

The conservation of species i is: 

where thermal diffusion has been neglected. 

The conservation of momentum in the r direction is: 

(1) 

(2) 

(3) 

(4) 



The conservation of energy is; 

— dT 
C — + 

V dt 

-L JL 2 ae 

" V r (rK I?) 

(K + 77 j* vw^-] 

i à [píij(W-àfJ 1 òc- 
+ - P í),. (h.-h.) —i- 

r ij ) j dr 

'i y dr 
d I . Íci\ ('i-^ d ! àc' 

(ere,)^ ij dr / 2 Ò0 
r ij dô / 

Püj, 2C. 
- (ere.) -a^ - (ei-ej) w. 

T 
Where again D. has been taken equal to zero. 

a-r'rV*fe 1 V 

(5) 

(6) 

and 

-i - -L d 
dt ~ dt + r dr” + 

_i _d_ 
r ae (7) 

*c = M ) 2 0-0¾. i)!] 

(8) 
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Hie equation of state for a chemically reacting perfect gas may be written; 

P =/0R T 

where r = c R + c R = g, 
ii 1 J M 

(9) 

G.Æ. 1 . 
M. M. 

. i 1 
(10) 

Here ÍÍ is the universal gas constant and Mj and M. are the molecular weights of the 

atomic and molecular species, respectively. Thus, in fps units for nitrogen, one has: 

ft = 1545 
lb.-mole°R 

lb. M. = 14 .. 
i lb.-mole 

lb. M, =28 
j lb.-mole 

In the energy equation we note that 

Vcicv +CjCV 
i J j 

(11) 

(12) 

/*T 
äi L cv,dT + Aef T '1 

Ref. 1 
(13) 

T 

l CV,dT*V 
TRef. j 

(14) 

hi = L T ‘‘i 
Ref. 1 

dT + A|jf (15) 
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o 

(16) / J -/T Pj 
Ref. J 

C dT + úh 

and 

c = c + 
P. V. JM. (17) 

C ~ C +.'' '' — 
p. V. JM. 

J J J 
(18) 

where for N2 it is noted that: 

. o 
àhf = 0. 

j 
(19) 

For the atomic species, we take: 

C 3 & 
V. 2 JM. 

i i 

whereas for the molecular species 

(R. p _ —_ 
V4 JM. 

J J 

/ 
/ © J ©/T 

f ©/T 1 2 

Ie "J 

(20) 

(21) 

where © is the Debye characteristic temperature, which for N is equal to 61110R.(~7) 

Accordingly, upon combining eqs. (15 through (21) and integrating: 

hi 2 JM. ^T_TRef.^ + ^hf 
i i 

h. 
<H 

j JM. i <T-TRef; + •[ 

(22) 

(ee/T-,) '(ee/V.-l)_ 

(23) 
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In these equations, we will taJ<e:^7^ 

o 
BTU Ah = 14,527 lu 

fN lb- 
(24) 

TRef. = 536-7 R 

As in our earlier studies* ^ we will utilize the transport properties: 

-6 r n 1 ^ 
M- 1.28 X 10 j^T( R)J , lb./ft. sec. 

V2 BTU - ft. 

(25) 

-7 r n n-äi 
K = 4.49 X 10 [t ( R)J , f 2 

The binary diffusion coefficient may be written: 

sec.°R 

(26) 

(27) 

£ 
N-N 

1.2xl0~4 T(°R) 3/2 ft.2 

2 P (lb./ft.2) sec. (28) 

For simplicity, we have also invoked the following relationship between the first and 

second viscosity coefficients (Stokes postulate): 

A +- M = 0 
(29) 

For the dissociation or recombination of nitrogen, one may write symbolically: 

N2 + N2*2N+N2 

N2 + N » 3N 
(30) 

where the collisional efficiencies of N and N2 are not necessarily equal either in the 

forward or backward directions. This leads us to write the following equation for the 

chemical source term which represents the net rate of formation of nitrogen atoms by 

chemical reactions: 
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w = 
N 

N A K" V2 ■ \XT nN2 
N2 2 

N„ 2 

+ KF nM “ ^ nM3 
rN N2 N *N N J 

. .. "n2 \ 
where PN = ^ and - — and A is Avogadro's number. 

2 

"nhn 

The following values of the specific reaction rates were utilized 
(28) 

(31) 

K. 
6. 63 X 10~5 e-2-034xl0'VT(OR) 

' N„ [t(°R)] 
1/2 

1-046x 101 e-2.034 xiO5/T(QR) 

KFN “ [T («R)] 3/2 

(32) 

- 1-09 X 10"29 

[t(OR)]°-57 

1 ,n-24 K _ 1.72 X 10 

\ " [t(OR,] ^57 

It is now necessary to delimit the spatial region for which computations are to be 

performed. The inner boundary is simply the surface of the cylinder, R^ Since we are 

working with cylindrical coordinates, it is convenient to select as an outer boundary a 

surface of constant radius, R^. As in reference 10, we chose here to treat the symmetrical 

flow problem which occurs at low Reynolds numbers (before asymmetric vortex shedding 

occurs), in which a plane through the centerline of the cylinder parallel to the oncoming 

stream represents a plane of symmetry. Hence, we treat only the upper half-plane, 

0 s 6* ff. And, we can now proceed to prescribe the initial conditions and boundary 
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conditions for all of the dependent variables, includinB the two components of velocity 

Vf and V ,he lemperature T, the densily p, and the mass fraction of nitroBen atoms 

CN‘ 

The Navier-Stokes equations represent a mixed system of "hyperbolic-parabolic" 

partial differential equations. Mathematically, one finds that the characteristic surfaces 

are: 1) t » constant planes, and 2) the surface obtained by considering the continuity 

equation alone. Intuitively then, one expects to specify boundary conditions at all boundaries 

tor Vr, V„, T and CN. Whether or not a boundary condition for p is required at a particular 

point on the boundary is determined by the inclination of the one non-trivial characteristic 

surface to the boundary at die point. If one progresses in time along this characteristic 

surface, then at points on the boundary where one enters the region, a boundaty condition 

on p must be specified: where one leaves the region, p must be calculated along the 

boundary. 

As in our earlier study, a cylinder of radius R1 is assumed initially to be immersed 

in a stationary gas at temperature Tq and density Thus, throughout the annular domain 

defined by Rj * r s 0 s 6 s ^ we have 

Vr (0, r, Ö) = o 

Vg (0, r, Ö) = 0 

T (0, r, 8) = T = 400°R 
o 

p (0i r, 8) = Pq = 10~5 lb./ft. 3 

CN (°. r, 8) = o 

which corresponds to a nominal altitude 2„„, „„„ ^ earth's atmosphere. 
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As in our earlier study, we first treated the formation of a planar shock wave which 

was set into motion by a piston which is accelerated to a constant velocity of 10,009 ft./sec. 

for this particular set of initial conditions, so that we could then utili?.e the planar shock 

solution of the Navier-Stokes equations to initiate the flow around the cylinder. Thus, this 

shock wave propagates unchanged in structure from upstream toward the cylinder at a 

velocity of 11,530 ft./sec. and the precise moment that the toe of this shock wave arrives 

at the cylinder will be denoted by time zero, t = 0. The initial shock wave structure is 

shown in figures 2 to 5 by those curves denoted by t = 0. Note that the gas properties 

behind the shock wave are given by: 

vœ= 10,000 ft./sec. 

7.63 X 10"5 !b./ft. 3 

o <34> 
T = 8,960 R 

OO * 

V10'4 

Having completely specified the initial conditions, let us now consider the boundary 

conditions. At the surface of the cylinder, both components of the velocity, Vr and Vg, 

must vanish in the absence of fluid slip at the wall. Hence we have 

Vr (t’ Rl’ 0) = 0 (35) 

vg (t. Rj. ®) = 0 (36) 

We are also free to specify information concerning the temperature or its derivatives 

at the surface, by defining the heat conduction properties of the cylinder. Thus, for the 

case of a cylinder having an infinite heat capacity, the cylinder would remain at the iso¬ 

thermal temperature To, (since it would have become equilibrated initially with the ambient 

14 



gas temperacure). Hence, for the isothermal case, the inner boundary condition on the 

temperature would be given by: 

T(t, R., e)=To (37) 

The other limiting case would be a cylinder which is insulated in such a way that it neither 

removes heat nor adds heat to the flow at the surface, e.g., the adiabatic wall. This 

inner boundary condition is given by 

^ T /, 
17 U. Rr e) = o (38) 

This boundary condition permits a /ariation of T with 6, whereas clearly eq. (37) does not. 

The true physical situation which lies between these limits can only be determined by 

solving the transient heat conduction equation within the cylinder simultaneously with the 

Navier-Stokes equations for the surrounding gas. In this case, one has 

["K ~ + pjß.. (h -h,)l 
L ör ij àr ' i j'J gas \ dr y solid (39) 

as an interface boundary condition. 

In this paper we have decided to again utilize the adiabatic wall boundary condition 

given by eq. (38). It is noted that in an earlier work(7) we treated both the isothermal and 

adiabatic cases and found the latter easier to handle numerically, since it converges faster 

to a steady state. 

Physically, one has no way of knowing either the gas density or pressure "a priori" 

at the surface of the cylinder. As discussed in reference 6, this is completely consistent 

with the mathematics. A study of the characteristics as discussed earlier indicates that 

p must be calculated at the cylinder surface. 

15 



In considering the effect of the surface on the heterogeneous chemical reactions, 

one notes that, as with the (ase of the temperature, one has freedom to specify infor¬ 

mation concerning the mass fraction or its derivatives at the surface by defining the 

(29) 
catalytic properties of the surface of the cylinder. Thus, if we assume that the sur¬ 

face is a perfect catalyst, (y = 1.0), then the surface acts to drive the gas composition 

to its equilibrium value at the wall, in which case, the surface boundary condition is 

given by: 

N 
P (t, R j, 9), T(t, R 

1’ 

(40) 

One can readily determine from a knowledge of the equilibrium constant 

PMM 
eq. 

K 
N 

N„ 

N (1-CN> M 
N 

9.74 X 105 [t(»R,] 1-»V,2»3’4I’0/T<OR» 
(41) 

The other limiting case would be a surface which is a perfect non-catalyst, (yN = 0) 

in which case the surface does not act to alter the composition at the wall. That is, the 

surface acts neither as a sink nor as a source of atoms, hence, in the absence of thermal 

diffusion one has: 

(¾ Ri’S) = 0 
(42) 

The true physical situation lies between the aforementioned limits, i.e. finite 

catalytic efficiency ^ < 1>0)- F°r this case, one may write down an explicit relation¬ 

ship between the concentration gradients at the surface and the catalytic efficiency.^ 

Since many practical materials have a large caUlytic efficiency, we have chosen to 

utilize the boundary condition yN = 1.0, namely, that the surface is a perfect catalyst so 

that in this work the mass fraction of nitrogen atoms at the wall will be given by eqs. (40) 

and (41). 
16 



A* n„W earlier, *e mathematic8 lndloales a, ^ r ^ ^ 

also necear, to Speci/y a proper ae. of boundar, randu,„ns „ , 
condltlon8- Note that from a physical 

standpoint this should not nrpsw ,, 
presen, a pr^ 0„ tte upstrea™ slde o, W n„w field 5ince 

e conditions behind the initiating shot* wa,c are known », 
are known ”a priori" from the earlier 

solution of the one-dimensional Navier-Stokes equations. However »ere 
iuwcvtr, the requirement of 
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e downstream boundary conditions 

IT 011 tlme derlVMiVeS makC! “ — — Stream conditions 

I CS' bUt “S “ — « - —■ - Should, therefore, place 

Physical time period of inWest, the disiurbance produced bv the 
u , Produced by the presence of the body does 

not reach die boundary. If one ,s interested the steady state solution „ y solution, one must either 
take R2 a, tofim» (which is computa,lonally (eisibl „ 

i0 ,. } e must P*ace R. at a sufficiently 
large distance from the body such that an imn • 2 

P 6 SPeCi,iCa,i°" °f b—y cPPdltions 
along the downstream boundary does not strongly mnuenoe ,h , 

g y nlluence the solution near the body. 

fa our problem, there is no difficulty in specifying thp h ^ 
().fí n specifying the boundary conditions at R for 

yalnesofR, weeanassumematatalltheseT 

p anar shock wave propagates widiout being influenced by the body. For - s $ s. „ „ 

i fOUnd ‘h01 °ne C“n°l - -h, calculate it. Lever' V -- nowever 
Vq, T (or its normal derivative — ) and C /nr if , 0Cw 

òr ) nd Cn (or its normal derivative ~"} must be 
«no r»i f î rwJ ttr - « . . ^ Or 
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be precisely correct if R,, were at infinity. Hence, imposing these same outer boundary 

conditions for a finite value of R2 represents an approximation. It must be noted that this 

approximation becomes precisely correct if one does not continue the solution beyond that 

critical point in time at which any point on the outside boundary R,, feels the presence of 

the non-uniform flow produced by the body. 

The major question of concern in utilizing a finite value of R is the extent of the 

upstream influence introduced by the aforementioned approximation of imposing at a finite 

value of R2 the boundary conditions that are precisely correct at infinity. This question 

has been investigated in our earlier paPer(10) by utilizing two values of R, in our compu¬ 

tations, namely, R^ = 11 and R^ = 21. A typical result of that investigation is 

reproduced here as figure 8. This figure shows that the region of upstream influence 

tends to be confined to the immediate vicinity of R,,. Since we are dealing with a super¬ 

sonic flow, in which R2 was chosen to lie beyond the sonic surface, this desirable result 

was not entirely unexpected. 

This question of the effect of upstream influence will always arise when R is finite, 
ù 

and must be examined for each new class of problems investigated. 

The remaining boundaries are the 0 = 0 and S = IT surfaces. The symmetry of the 

problem dictates that 

Vg (t, r, 0) - 0 

Vg (t, r, Jr ) = 0 

à V 
"gj" (t, r, 0) = 0 

dV 

TgT ( t, r, ir) = o 

(43) 

(44) 

(45) 

(46) 
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ò T 
ãl" (t, r, 0) = 0 (47) 

ÒT 
d Ö ( t, r, rr) = o (48) 

(t, r, 0) = 0 (49) 

(t, r, 77 ) = () (50) 

Furthermore, along the 9 = 0 and ö = 77 boundaries, the density p must be calculated. 
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4, NUMERICAL APPROACH 

In our earlier study we mentioned that our final choice of a difference 

equation was strongly influenced by the following two criteria: 

1) Mathematically, the equations are governed very strongly by the 

parabolic terms. For these terms, it is very desirable to have a difference equation 

which does not require stringent stabiUty criteria. This is particular important 

if one desires to extend his methods to a reasonably wide range of physical 

problems. It is also an important factor when making a sequence of runs to obtain 

convergence. 

2) The difference equation should be capable of handling a hyperbolic 

system even without the presence of the parabolic terms. In a certain sense, this 

is superfluous since a stability analysis is often satisfactory regardless of what 

is done to these low order hyperbolic terms. However, one of our major discoveries 

(o\ 

in our one-dimensional work was that difference equations which remain valid 

as the viscous terms disappear, can be expected to produce the best results. The 

foregoing two points were discussed in another earlier paper. ' '^ 

For the parabolic system, we will make use of same explicit-implicit 

scheme which was used in the two-dimensional problem. (10) Stability and conver¬ 

gence have been established for linear cases. For the hyperbolic system, we chose 

to extend the scheme used in the two-dimensional case to the equation for the 

conservation of species. This involves reducing the system to a normal form and 

differencing according to the sign of the characteristics. This technique was 

suggested by Courant, Isaacson and Rees. (30) However, the normal form we chose 

(reduction to diagonal form) falls into the format discussed by Anucina (31) and Lees.(32) 
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As in reference 10, the convergence criterion for the difference equation is 

found to be: 

llm Al. = n lim ¿t A 
- 0 àr ’ Û8-0 A8 “ 0 (51) 

Also, the t uncation error analysis reveals that if one desires to make a sequence 

of computer runs, in which the error at each step is reduced by at least a factor 

of one-half, then: 

A 8, 
At 

i+1 
, A8 

àt. 

i+1 , At 
i+1 

(52) 

Note that in the limit, equations (52) are consistent with equations (51). 

Again, one obtains the following stability and convergence criterion for 

the hyperbolic system: 

\ A2 ’ '1 ' r 1 LS* 2 81 LS 

Ä7 + Ã6 <53> 

where is the local speed of sound. Note that in the limit equations i51) 

require that equation (53) be automatically satisfied. However, for a particular 

choice of A's which are being used for computation, one must be sure that 

equation (53) is satisfied. It is perhaps interesting to note that the stability and 

convergence criteria are in no way changed by the presence of the diffusion and 

chemical reaction terms. This does not mean to imply that the At is unaffected 

by these additional terms. For example, in equation (2) the w term can certainly 

affect the proper step size for At , but it does not affect the stability and conver¬ 

gence criteria given in eqs. (51) to (53). 
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Appendix A contains the transformed Navier-Stokes equations. From 

these one may select the parabolic and the hyperbolic systems. The barred 

quantities represent the viscous terms and the unbarred quantities represent the 

hyperbolic subsystem. Note that a "hyperbolic subsystem" (the doubly-barred 

quantities) was also split off the viscous system, and difference equations for this 

subsystem were specified separatoly. This then requires a large amoum of 

analytic effort before the final finite difference equations are arrived at. However, 

this expenditure of effort has in fact led to a very satisfactory set of difference 

equations which take on the following functional form. For the explicit scheme: 

n+1 
'’l.j ’ (1*VaG*"»i,J 10 

VíVvv-ès 

'wi.i -'9wíVvw"A'9 
(54) 

C11^1 *ê +(1-0 )Cn 
i.j 11 ' 12* i,j 

For the implicit scheme: 

nfl 
Pi,j ( Pi,j ' ai0 ' / ( 1 ' a9 + a6 At * 

vn+1 = Vn - b vn+1 + b ( Vn+1)2 + b 
i,j 1,) 9 i,j 9 1 i,j ’ 8 

W= u/n Z u/n+^ / t»/n+l%2 
Wl.) Wl.i "S*!.) ‘ C9 < W|,| ' *<=8 

(55) 

n+1 
Ti,j ' (Ti.j + w^-vv 

,n+l 

i.) “ (Ci,J + eil>/(1 + ei2) 
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In the foregoing equations, we use the notation: 

V*V; W = V„ • c “ C r ’ fl ' N 

j = <p (n At, iAtj. J AC) 
(56) 

The coefficients required in the two sets of eqs, (54) and (55) are discussed in 

Appendix B. Note that for the implicit scheme, the equations represent a system 

of five algebraic equations which must be solved iteratively for the five unknowns 

n+l n+l ^n+l n+i n+l 
Pi-j ’ i.j ’ i.j ’ Ti,j and Ci,j whereas by definition, the explicit 

scheme allows direct evaluation of these five dependent variables. Note further 

that the alternation scheme requires that quantities at alternate points be evaluated 

with the explicit and implicit schemes respectively, both spatially and in time. ^ 

It should be noted that the criteria of equations (51) to (53) carry over to the 

transformed coordinate system. 
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5. DISCUSSION OF RESULTS 

I 
In this paper, we will present the numerical results from a set of calculations 

which have been performed for the supersonic flow around a circular cylinder. This 

flow was initiated by a planar shock wave (as shown in figure 1) travelling at M = 2.2 

The cylinder has a radius of 0.005 ft. and hence the free stream Reynolds number is 

equal to 31.5. 

The computations were carried out utilizing the following mesh size: 

Ar = 0.0002777 ft. 

At = 1.2 xlO8 sec. 

This mesh resulted in 3500 spatial node points. Thus, in carrying out the computations 

for a physical elapsed time of 8 microseconds, over 2,275,000 individual nodal compu¬ 

tations were made which required approximately 7 hours of CDC 6600 computer time. 

A few results of the computations are shown in figures 2-14. Thus, in figures 

2 to 5, we show the variation of Vr, T, p and CN with r, along the forward stagnation 

streamline (8= 0) for the time period of interest. Note that the curves marked t = 0 

represent the initial conditions, i.e., when the toe of the shock wave encounters the 

cylinder. Although the qualitative behavior of Vr and T is the same as in our earlier 

study in which dissociation was neglected, ^ ^ the presence of a finite number of atoms 

(see figure 5) not surprisingly acts to quantitatively alter the density distribution which 

is shown in figure 4. Also the sharp peaks in the density profiles shown in figure 4 

indicate the fineness of the mesh required for the computation. 
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I 

In figure 2 the shock wave is seen to first steepen up, and then to move away 

from the cylinder, and at the same time a long neck forms on the upstream side of 

the shock wave. In figure 3, it is found that just as in the case of the reflection of a 

planar shock wave from an adiabatically insulated plane wall, the gas temperature 

at the wall rises rapidly from its initial value of 400°R, exceeds 20, 000 °R, and then 

drops as the shock wave moves slightly forward. 

Note further in figure 4 that the density variation is not monotonie as in reference 

10 in which dissociation was neglected. 

Since we have calculated the flow field all around the cylinder, the variation 

r *s s^own ^or va'ues of 0 s0s7t in figures 5 through 7. It is clearly seen 

that steady state chemistry is essentip.ily achieved in only b microseconds along the ray 

0 = 0, whereas along the ray 0= n, the chemistry is still approaching a steady state. 
ÒC 

N 
Note that in figure 7, the derivative—- does not go asymptotically to zero with radius 

at later times. This implies that upstream influence is beginning to appear in the 

chemistry along 6 = ff when t > 7 microseconds. 

At this point, it is certainly worth discussing the question of upstream influence. 

In figure 8, which appears in referenci 10, it is seen how the upstream influence of 

the downstream boundary condition on the température and radial velocity of the gas are 

in fact confined to the immediate vicinity of the boundary, provided that R lies beyond 
4M 

the sonic surface. Equivalent studies concerning the effect of the location of R on 

chemistry have yet to be carried out. 

In figures 9 to 12, are shown the variation of the radial velocity, angular velocity, 

density and temperature at selected angular positions in the flow field corresponding to 
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the same point in time as figure 14. Since this calculation was carried out for only 

one mesh size, no specific error bound was calculated. However, we expect the 

overall accuracy to be comparable to the earlier study. 

In the last two figures we show the location of the sonic line around the cylinder 

for two different points in time, i.e. t = 2 microseconds and t = 7.87 microseconds. 

Figure 13 is particularly interesting. Note that the sonic surface is not closed around 

the body because the initiating planar shock wave has only reached the point shown on 

the boundary R ; i.e. the wave has not yet progressed beyond R along the 0= w axis. 

Note that in addition to the sonic surface, shown by the dashed line, figure 14 also 

indicates the vector velocity flow field, along various rays emanating from the body. 

It is perhaps worth repeating that since the time the authors began their 

investigation into the solution of the complete Navier-Stokes equations, other work has 

also been reported/33 3^ However, since these developments are so recent, only 

special cases representing particular solutions to particular physical problems have 

been obtained and hence it is not yet possible to draw meaningful comparisons between the 

methods. 

(33) For example, in the case of Brailovskaya' ', his stability condition invokes the 

statement that the viscosity coefficient is small. Thus, if one is concerned with shock 

2 
waves where one requires a fine mesh, such that the quantity h /\l is small, this may 

present a problem. In the physical problem he chose to compute, the Reynolds number 

was 100 < Re<1000 and the flow was subsonic, hence one has no simple way of evaluating 

his method for supersonic viscous flows. 

(34) Shao' ’ has also treated the two-dimensional time-dependent Navier-Stokes 

equations, but for weak shocks so that he can neglect thermal conductivity. 
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Finally, Kurzrock and Mates*3 ^ have also presented solutions for the two- 

dimensional time-dependent Navier-Stokes equations, based on an explicit computation 

scheme. Although their approach seems reasonable, we have tried to avoid difference 

equations having such a strong stability criterion due to the presence of the viscous 

terms. 

Perhaps at some future time, a meaningful comparison will be made between the 

several methods that have now been suggested. 
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6- CONCLUSIONS 

This investigation has shown Üiat one can solve the complete, two-dimensional, 

time-dependent Navier-Stokes equations for the supersonic flow past a blunt body, where 

the effects of compressibility, viscosity, thermal conductivity, chemical reactions and 

diffusion are all explicitly treated. 

In the present study, we have been able to include the effects of non-equilibrium 

homogeneous chemical kinetics as an extension of an earlier investigation in which gas 

phase chemistry was assumed frozen. The specific effects of the chemistry on the flow 

field variables have been determined herein. 

In the future, it will be important to obtain solutions for higher Mach numbers and 

Reynolds numbers in order to obtain flow conditions which will produce more interesting 

phenomena in the region of the near wake, i.e. f 0< ff. m particular, in the present 

study for which the free stream Reynolds number was 31.5, our results indicate that the 

fiow in the wake is steady, in that no vortex is shed, nor is a region of separated flow 

found behind the body. It is expected that as Reœ approaches 100, flow separation and 

vortex shedding will begin to occur and should appear in our numerical results. 
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SYMBOLS 

a, a, b, b, b 

c, c, c, d, df, etc. 

C 
LS 

c 
P 

= C 

i 
i 

e 

h 

K 

P 

Pr 

r 

r 

R 

Re 

t 

T 

V = V 
r 

W = V 
0 

y i 

See Appendices A and B 

local speed of sound 

specific heat at constant volume 

specific heat at constant pressure 

mass fraction of nitrogen atoms 

binary diffusion coefficient 

internal energy 

enthalpy 

thermal conductivity 

pressure 

Prandtl Number 

radius 

see Appendix A 

gas constant 

Reynolds number 

inner and outer radii of computation domain 

time 

temperature 

radial component of velocity 

tangential component of velocity 

see Appendix B 
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catalytic efficiency 

c 
TJ 

0 

X 

ß 

P 

<t' 

transformed r coordinate 

transformed 0 coordinate 

tangential coordinate 

second viscosity coefficient 

ordinary viscosity coefficient 

density 

viscous dissipation function 

Superscripts 

n, n + 1 adjacent time steps 

Subscripts 

i, j 

r 

t 

c 

V 

0 

o 

spatial coordinates , atomic and molecular species 

radial component, or partial derivative 

partial derivative with respect to time 

partial derivative with respect to Ç 

partial derivative with respect to 17 

tangential component, or partial derivative 

initial conditions 

upstream conditions 
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APPENDIX A; TRANSFORMED NAVŒH-STOKES EQUATIONS 

The Navier-Stokes Equations were first transformed by means of 

n = 
i ~s,r 1-e 1 

i “8, 1-e 1 

, -s„0 
1-e 2 

1-e ¿ 

r-R 
1 

where 

e = •• ; (OSes,,) 

(A-l) 

(A-2) 

(A-3) 

(A-4) 

and Si and s2 are chosen to be constants. Thus, if Sj > o points are "squeezed" 

toward r = R^, and if s^O, points are squeezed toward r = R . The same state- 

and we then let 

ments hold for 0. 

If we introduce the notation V = V , W = V and f - r 
r 0 n 

the subscripts r, 0 , t, rj and f denote partial differentiation with respect to 

those variables, then the governing equations take the following form. The 

conservation of mass becomes: 

ai V a2 PÇ - a3 a4 WC - a5 (A-5) 

where 

ai = V\ 

wc e 
2 r 

aq = P 

9 

3 ■ r 

PC, 
a. = 4 p 

a = -fi-L 
5 r 
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^RT 
Pr 

C«R 
c = c _ vw. 
4 r ' V ~ 

The conservation of energy becomes: 

, c 
£ T — 
V dR 

6 r dC 

~ _ + d T ^ + d T -t-d T +H 
t 1 VTl 2 V 3 ^ d4 TCC d CC 5 c 

1 d0 TC + d7 " dl Vd2TC - d3 Vd4 WC " d5+ X 

where 

1 X 2 — 01 K 

’ d2= ^ d, 
/ — + —LI , 

3 n r n '• 
r 'r 

K , 2 

pt r 
V 

, Ce-, d5= d- 

"e 
i w c 

4 = —- ¢, d -- vv , d 
7 ptv c 1 r 

e HT\ 

2 r - ■ V ~~r- 

R TC 
J = --- 
4 r C 

^ H H T V = _ _ 
’ 5 r C ’ dH ' ( h - e ^ P i3. . / p C 

V 0 i J V 

%‘^i2 lvr2 + ~T (^e' vl2 J * ( — V. + vv - 
r 0 r 0 r r > 

+ A F V + -L w + i_ 1 
L r r e r J 

2 

-"“e "r V 38 1 r » c„ + d. lu 

+ do V. 

vv 

2 

'CC 8 2 
2 

8 r pi) 
Ü .3 c + _8 

ij 3 2 
r 

dQ C" (pi) ) 
1 ¡il 

t Viul. c + 38\ 
f c„ S ”7 c„+ 

e W. 

pi.. c 
ij 

ce hc^ij . . i p 

p C r C 
V 

PC 
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e - e 
i j 

The conservation of species becomes: 

VS + s v% Ccc + scc 
+ c- * e, C - e„ C' + e 6 C 1 b 2 C 3 

where 

ei = (pjSij) ^r/p ' ®o = ë, f„ , 2 1 2 

ei t 1 ^r r e =» — — 
3 T? 

r r v+ V’ + Vi V S-'P“,)* 

e = e f , e = e IM. + e, f T 
5 4 2’ 6 4 2 ü4 ll 

^ = V rir, e2= wCe/r , e3 = ^/p 

fi = ’ f2=(p Vr/(PV 
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-dE-PENDIX B;_C0EFFICIENTS FOR_FINlTE DIFFERENCE FORM OF NAVIFR- 
STOKES EQUATIONS-- - 

The coefficients appearing in the difference equations for the corner; ttLiun 

of mass are: 

VCa 
s :¾ 2,. a2 

2 VI* <f V 
a. 

Vb —i (62 T\ 
4 ÛTJ (% T> 

- Q.> o b ç 
4 2 C b — ig in + - 6 n , • — __ 

4 At? (%T) at? “ <2C «3- V ttl) 

O7 

Zr(' 

WC«3 2 

Tr(6cW)*2r»c 
2 

Tc (6CW) + ^ (ôç w) 

2 - ß3 2 b«ôíc 
-Wb. ~ (ô" T) + 2C b. (6 ”, ' ') a 

4 AC ' C 4 AC C AC ( 2 C ? - w ? , 

20 
2alVCsM2Ca3-Vo(l)a3b3 

-ii 
8 1 o 2rC 

s 

V.wc *,203-«^,^ 

“9 = (2a7 - ‘l1 r3 * <% - a2> r4 

‘¡O’ Wl.l.j * WV0!-!,) 

* r4a80i,|+l4 r4 W'’!,)-! * *5* 

where 

ô 0,,=0 - (fl 
*1 Ui Vi,i 

(B-2) 

(B-3) 

(B-4) 

(B-5) 
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and 

V^'ÇTrt 

C = C (2 r? ) "l 
r 

11 : xis 0 

j 1 : X ( i 0 

o 

AL 
àr) 

where; 

A^-V; X2 = -V; A ^ =r - (V +2C) , X4=-(Vr-2C) 

t - W : x2 = -W; X3 = - (AV + 2C) ; x , = - (W-2C) 

(B-6) 

(B-7) 

(8-8) 

(&-9) 

(B-10) 

“l = 2“j‘“3'V V’W“, 

“2-“3*0,4; ^^3^4 

“a *03‘“4; ¢3^3-)4 

Also, 
r T) 

b6 “ ~h£ [ b3 ®3 ( %2 « * b4 “3 < ‘i T> * b6 53 ««n0»] 

b7 ” “2^ C a2 (flr)2 P) + 2 P) J + “y1 [®2 (firj2T) + 2 'V T) 3 

+ “T1 [ a2(6v C) + 2<V c) 
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b8 - 'V, * Vl,,» - Ir r3 Vi-l,l-CB“3 r3-b2r4,2V1) 
a2 r3 

b9 = ’’r r3 ^2-1) 

Cq rn 
s 3 3 

10 
( V + V ) 
' i+l.j l-lj' 

b7 b5Ät 

•b2 ‘'W'W- w 

b6 = ûi [b3 V + b4 + ûi <VW) + iî <VW,tb3 V 'b4 "C1 

2 . 2 4 ,.2 

+ (b r + s r ) {V, „ , + V ) + (b r + a r WV + V \ 
11 13'’ 1+1,j 1-1,j' (D2 2 83 T4 *1,1+1 + i,J-l 

r b V - r b V 
3 1 1-1,) r4 D2 1,)-1 

b7 ’ 2ri bl + 2r2 b2- b5" + 2 S1 r3 * 2 S3 r4 ' 'r3E, + r4 b2> 

81 = ^1 bl + T (2^-1*' B2 = >,1B3- 2 i2)-,-» 

= C2 , '2 
®3 = ^ b2 + T" ( 2a2"1) ’ s4 = " ^ b4 - 2 ( 2 ai _1 > 

f. |i [sgn(V9H 

1 I 0 : B1 ^ 0 

V(È3- V2-B1 ] ; B1 - 

wherj 

and 

B,* <V ¿1» - 4 b3 '3 

I [agn (64-c4)][ |E4-c4I - Vft, . 84)2 . bJ • B2< 0 

0 : B2 à 0 
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where 
B = (b - ßi-4b c 

z 1 2 2’ 4 4 

1 : b, > O 

0 : b1 s O 

l:b2>0 

0 : b2 ¿ O 

1 : f > 0 

. yn !" 
1 ;-< > O 

• y3 T 
O : f1 5 o 

’ a2 ={ 

15 f2>0 

0: V° 

O r-CjS O 

f1:"f2>0 

o:-c2^ O 

b8 = b10 + b6 ' b9 = b8 + b7 

Cflr 
+b4^ ( Sj2 T) ] + Û. + b6 ?3 ( C) 

‘7*-T^r [?2<‘c2',) + 2(4c‘'>,]* 

Cflr, b, r _ c 

O « [ /3 ( fi- T) ¿1 T Tj & % 
’6*4 “4 r “ .2 

+ 2(ôc‘ T)] + ‘TT^T' c^2 <6c2c) + 2<6/ C) ] c 

e8 , ,, r3 <1 - 2 V 4 c6 t [ j2 WMtl M í2 - 2) ] - 
Ü»SVl 

r 

C9 ' 

c9(Vi)% 

r3rt,iwm.)t(“r1,Wi-iJ]-cí 

C flC ^3r 

- - V1-1 « W1.M + Wi.H » 
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C6 = Ûl CC3 V* V -ïV<VV>+ ^'V V|] 

* [S6 r3 (6I, V » * S8 r4 <S{2v>J 

* (ci ^WV.r'W-^i wM>J 

+ ( "2 r2 

2 ( C1 ri + ^2 T2)~ C5 At + 2 (s '5 VS7 U) ■. (o r + c ri 
1 3 2 4' 

S5 - yi C1 + — ^V1) 

b. = - y, c „ - 
1 C 3 ” T“i2’'!'1) 

®" = c- + — ( 2 02 -1) 7 1 2 

S8 = ai C4' ï“ i2'7!'1) 

C_ * C 4 c 
8 10 6 ’ 

c = c + c_ 
9 8 7 

^¿<.2v,-í^íÃííí!^ 2c, <% V. 
2c„r 

»7„ V b„ dn r„ a 
r "3 “3 ^3 “1 2 d3 b3 r3 tt3 . 2 

7 2 C2 T ( ÖT? P) " 2 C T (6n 

d3 r3 r - . 2 - d5 At 
[ °i2 (6w v) + 2 V) ] - -Sp- 2 T L “2 ' 
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*8 " 2 AlJ (Ti+l.i " Vi.)» 

*9 ' 2 A{ ' ' Tt,j-1) 

d10‘ dl ri * d8 r3 4 «“S’1) J 

4 d"3 r3[°6 Vi * *Y‘> V)] 4 d4 ^ <WVl> 

d9 % [í5 Vi 4 «V1» Vi1 * d6 r4 [S6 Vi4'*«-1'Vl] 

+ d At + r 
ld’l3<C> 

5 ,»2 
-7- ■ v»;c> 

Atw,cs 
+ r d,. (6„ C) - ——  +3 r [tv T + ha -H T 1 

4 12' C DCy °9 3 LtVi+l,j **7 ^ 

+ ä10 r4 ts7 Vl + ,í7-1,TI.i-l 1 

V 2ri dl4 --3¾12¾^ 4 r3 V2“«-1» 

4 2 r2 d4 4 d9 r4 f2^-1' * d6 r4 V**" 
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SUMMARY 

Mean and fluctuating mass density measurements have been carried 
out in hypersonic wakes over a wide range of ambient densities. An 
electron beam probe was found suitable at pressures of from 1-10 torr. 
The mass density was related to the fluorescent intensity resulting from 
the collisions between the highly energetic electrons and the wake 
molecules. At ambient pressures above 10 torr., mean mass densities 
were measured using a laser probe. The intensity of the Rayleigh 
scattered light measured at an angle of 90° to the incident beani was 
related in a simple way to the local wake density. Both methods were 
c aracterized by their capabilities of good spatial and temporal 
resolution. 

This paper will present measured mean radial density distributions 
at several downstream positions, as well as power spectra of the 
fluctuations. Some discussions will also follow of the fluorescence 
spectra excited in air and nitrogen by electron bombardment at energies 
ranging from 25 to 75 kilo electron volt. 



RESUME 

On a procédé à des mesures de densité de masse moyenne et fluctuante 
dans des sillages hypersoniques, pour une gamme étendue de densités 
ambiantes. Une sonde à faisceau électronique s'est révélée adéquate pour 
des pressions allant de 1 k 10 torr. On a rapporté la densité de masse 
^ l’intensité fluorescente résultant des collisions entre électrons h 
haute énergie et mollécules du sillage. Pour des pressions ambiantes 
supérieures à 10 torr. les densités moyennes de masse ont été mesurées à 
l'aide d'une sonde ^ laser. On a rapporté d'une manière simple, 
l’intensité de la lumière diffusée de Rayleigh, mesurée è un angle de 
90° avec le faisceau incident, èi la densité locale du sillage. Les deux 
méthodes se sont avérées satisfaisantes è la fois du point de vue 
spatial et temporel. 

Les auteurs présenteront des répartitions de densité radiale 
moyenne fournies par mesures, pour plusieurs points en aval, ainsi que 
des spectres de force des fluctuations. Ils étudieront également les 
spectres de fluorescence suscitée dans l'air et l'azote par un bombarde¬ 
ment d'électrons à des énergies variant de 25 è 75. Kev. 



NOTATION 

■ an adjustable parameter used to fit equation (l) through the 

points on a plot of fluorescent intensity against density. 

Op ■ an adjustable parameter used to fit equation (2) through the 

points on a plot of fluorescent intensity against pressure. 

P * a function defining the dependence of the Rayleigh scattered 

intensity on composition and wavelength. 

Kp * normalizing constant relating the measured fluorescent signal 

voltage to the gas pressure. 

K^, - normalizing constant relating the measured fluorescent signal 

voltage to the gas density. 

P3 » Rayleigh scattered power falling on the light collecting lens. 

■ incident power falling on the scattering volume under observation. 

p • gas pressure. 

V ■ fluorescent intensity signal voltage. 

S - the width of the field-of-view of a lens-slit light gathering 

system. 

A JL = the solid angle supported by a lens of a lens-slit system at its 

focal plane. 

p - gas density. 
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Maas Penalty Measurements in Hypersonic Wakea 

by 

J.G.G. Dionne, C.M. Sadowski, L. Tardif, J.E.H. Vanoverachelde 

1*0 Introduction 

Over the past several years considerable effort has been expended in 

obtaining a better theoretical and experimental understanding of the wakes 

behind hyporvelocity vehicles. However, there is still a great need for 

experimental measurements of fundamental wake properties of theoretical 

interest, such as the density, velocity and temperature. The concentration 

of electrons is also of primary importance, since electrons are responsible 

for radar returns and are thus of vital interest in the design of defense 

systems. 

The present paper discusses two techniques to measure local wake 

densities. The electron beam fluorescence probe, which has been very 

successful in the study of densities in such facilities as low density 

shock tubes and shock tunnels, is used in the present application to 

measure mass densities and mass density fluctuations in hypersonic air 

and nitrogen wakes. Since the electron beam is strongly attenuated by 

air or nitrogen, ambient range pressures were restricted to less than 10 

Torr. The Rayleigh scattering probe was to be used at the higher pressures. 

In both techniques the detected radiant intensity was taken to be proport¬ 

ional to the gas density for a given incident beam intensity. 

It is worth mentioning that neither of these techniques interferes 

mechanically with the wake flow and that both techniques are capable of 

high spatial and temporal resolution. 
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llie Electron Beam Fluorescence Prob« 

When a beam of electrons is fired through air or nitrogen at 

sufficiently high energy, a small fraction of the electrons collides 

with the nitrogen molecules and excites them to a radiative state. 

The intense fluorescence released almost instantaneously by spon¬ 

taneous emission is almost entirely confined within the width of the 

electron beam. The intensity of the fluorescence is thus a measure 

of the average gas density in any small volume from which the 

fluorescence is observed. At gas densities which are xow enough to 

preclude non-radiative de-excitation processes, such as collisional 

quenching, the fluorescent intensity is a linear function cf gas 

density and beam current. 

The electron beam fluorescence probe has at least two advantages. 

Unlike mechanical probes, it creates no disturbances in the flow field 

and can be used for measurements along the flight axis. Because the 

electron gun can be fired continuously, measurements can be made ahead 

of the projectile and over the entire length of the wake. 

Detailed analyses of the excitation and emission processes are 

given in reference 8. A complete spectrographic study of the fluorescent 

spectra of air and nitrogen by 50 kev electrons is reported by Davidson 

and 0»Neill (4) at pressures from 5 to 600 Torr. The predominant 

radiation has been observed to be emitted by the second positive system 

of the neutral nitrogen molecule, N2 (2+), and by the first negative 

system of the singly ionised nitrogen molecule, N2 (1-). At pressures 

below 1 Torr the radiation from the nJ (1-) system was found to be 



stronger than 'rom the N2 (2+) system and the intensities of both 

systems were observed to be proportional to the density of molecular 

nitrogen to within the limits of experimental error (l, 8). At 

pressures above 3 Torr, the intensity from the N2 (2-f) system is 

still linearly dependent on nitrogen concentration, while the in¬ 

tensity from the N2 (1-) system shows non-linearity and tends toward 

a saturation level (see Figure 2). Measurements with a S-13 photo¬ 

multiplier (uncorrected for spectral response) have shown that the 

intensities of the two systems become equal at pressures of 3 Torr. 

At ambient pressures below 1 Torr, the nJ (1-) sy3tem has been 

previously used for wake density measurements because of its greater 

intensity (see reference 9). At pressures above 3 Torr, the N2 (2 + ) 

system was preferred in view of its linear dependence of intensity 

on pressure or density and its higher intensity. All of the density 

measurements reported in this paper, which were made in the wake 

behind spherical projectiles fired into nitrogen or air were based 

on fluorescent intensity measurt menta of the N2 (2t) (0,0) baim at 

3371 X. 
2,1 Experimental Set-Up 

The proto-type of the present apparatus is illustrated 

in Figure 1. Originally the bean had been generated by a televieion 

electron gun. Presently, hoeever, a more powerful unit ie used, 

capable of delivering a on. millisnpere, one-hundred kilovolt electron 

be»». Multiple pumping in the beam collimation section together with 

the high beam current and energy pemits operation at test section 
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pressures of up to 10 Torr, The present light collecting system 

consists of a quartz lens used in conjunction with a slit that defines 

a 1.2 mm field-of-view along the beam of electrons. The photodetector, 

a Dumont 7664 photo-multiplier, therefore observes the fluorescence 

originating in a cylindrical volume defined by the field-of-view and 

the beam diameter which is 1.5 mm at the exit aperture of the beam 

collimator. The spectral window is defined by an interference filter 

o ° 
centered at 3375 4 with a 55 A bandwidth and a 45% J>eak transmission. 

This filter permits observation of the (0,0) band of the N2 (2+) 

system. An additional detector, having a similar field-of-view and 

looking through a 50 X spectral window centered at 3914 A is u&£d to 

monitor the fluorescence due to the (0,0) band of the Njj (1-) system. 

There is also a considerable contribution from the 3961 t line of A1 

in this window, which cannot be ignored under any conditions. 

The beam current is monitored by means of a Faraday cup 

assembly. Under dynamic conditions the beam monitor current and the 

photomultiplier output are displayed on oscilloscope screens fitted 

with high speed Wollensak Fastax cameras. This arrangement is capable 

of giving a time resolution ot kfi sec throughout the total record 

length of 0.3 sec. In comparison with the record length, the time of 

flight of the projectile within the range is about .02 sec. 

2.2 Calibration and Data Reduction 

The electron beam fluorescence probe was calibrated on the range 

under static conditions in the following manner. The photomultiplier 

output was measured at various pressures within the limits, 0.5 and 9.0 
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Torr and plotted as a function of pressure or density. Plots of this 

type were made for both nitrogen and air. Figure 2 is a typical ex¬ 

ample of the pressure 0r density dependence of the output voltage. 

As can be seen, there is some departure from a straight 

line dependence. The points were therefore fitted with the curve 

-pM . p . Vlv „h™ m 
300 R P' V W 

p ■ the pressure in Torr 

R » universal gas constant 

P ■ gas density ; M » molecular weight 

V » output signal from the photo-detector 

• an adjustable parameter to fit the curve shape 

Kp » a normalizing factor to fit the un-normalized output signal 

We may also write a similar expression in terms of pressure, 

i.e. 

p = -E— where (2) 
KpCp -V 

ap - (3<MH) and Kp » Kp (300R) M 

Figure 2 gives a^, ■ 0.123 for nitrogen and ap * 0.018 for 

air. The greater departure from linearity for air is a consequence of 

the higher quenching cross-section for oxygen than for nitrogen. 

Having obtained ap , it was then possible to estimate 

Kp . However, Kp is dependent on various experimental parameters 

such as the solid angle of the light collecting system, the oscilloscope 

sensitivity, the position of the field-of-view along the beam, and the 
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particular photomultiplier used with a given optical system. There¬ 

fore Kp was obtained for each trial from fluorescent intensity 

measurements carried out under ambient conditions existing just prior 

to the arrival of the projectile in the field-of-view of the collecting 

optics. If we use the subscript oo to denote ambient conditions, we 

have 

£ v(-v») _ o,v 
/2, \¿,0yy-V) " -V) (3) 

Equation (3) was used in all data reduction. The para¬ 

meter a.p is related to the quenching efficiency of the gas being 

studied, and one should t. srefore expect some dependence on temperature. 

However, the shock tube results of Camac (l) have shown the effect 

of temperature to be negligible at all temperatures of interest here. 

Secondly, the technique estimates densities by measuring moleóular 

nitrogen fluorescence and therefore its validity depends on the con¬ 

stancy of the partial density of molecular nitrogen with temperature. 

A glance at Gilmore’s tables (6) will show that the mole fraction of 

nitrogen in air does not change by more than 2% under all conditions 

of temperature and density appropriate to the wake. 

The measured density ratio, pjpoo was also used to estimate 

the relative gas fluctuation ^ throughout the wake. The relative 

gas fluctuation was averaged for groups of five data points through- 

out the wake. 

To estimate the power spectra of the fluctuations 

the Fastax film was reversed and passed through a data reader to 
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put the information in digital form on punched tape. The record was 

divided into sections such that the wake velocity did not change by 

more than 2Q% throughout the entire section. In this way the require¬ 

ment of data stationarity was approximately fulfilled and power spectra 

were estimated for the density fluctuations in each section. 

2.3 Results 

Figure 3 shows typical experimental plots of relative wake 

density versus downstream distance along the axis for 2.7 in diameter 

spheres travelling at 15,000 fps through nitrogen or air at 8.0 Torr. 

All traces show densities at less than 0.5 B.D. from the flight axis 

and are therefore reasonably good representations of the axial density 

variation. Of the four traces shown, three are for nitrogen and one 

is for air. Also shown in Figure 3 are theoretical plots of the average 

density ratio versus X/d calculated by D. Ellington (5) for the con¬ 

ditions yoo ■ 15,000 fps and p *76 Torr of air on the basis of 

the turbulent wake model of Lees and Bromas. On the whole the agree¬ 

ment between theory and experiment is satisfactory although the average 

curve through the measured densities tend to lie above the predicted 

densities by an approximately constant amount. The theory appears to 

predict the correct trend in the average density with l/d. Because 

of the linearity of the dependence of fluorescence output on density 

for nitrogen and the non-linearity of the air fluorescence, the 

nitrogen data were considered more reliable. 

Some mention should be made of a correction that will have 

to be made to the measured density ratio. The reference signal was 

obtained under ambient conditions of temperature and pressure. The 
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electron beam was therefore attenuated by a certain amount in its passage 

from the collimator exit to the field-of-view. Under test conditions, the 

electron beam path consists of two segments, one characterized by ambient 

density and the other characterized by wake densities which are generally 

much lower than ambient. Therefore, under test conditions tht total 

attenuation is less and there is consequently a higher electron flux at 

a given field-of-view than there would be if the entire path length had 

been through the gas at ambient density. Corrections for this effect 

would tend to lower the values of the measured density and bring closer 

agreement between the calculated and measured density ratios. The 

correction factors are expected to be less important at greater distances 

from the body. Attention is being given to the development of a method 

to make these corrections by recourse to either theoretical or measured 

radial profiles of the density ratio. 

Figure 4 is a plot of versus X/d where iApI i3 

the r.m.s. average taken from the data of four firings. The relative 

density fluctuation averaged over the entire wake has a value of about 0.08. 

It should be pointed out that this value is a lower limit in view of 

corrections which have to be made with respect to the attenuation of the 

electron beam along its path to the field-of-view of the collecting lens 

(See above). Since the effect of this correction is to lower p , but 

raise \Aj2\ , JA^l is expected to increase. 

Clay, Herrmann and Slattery (3) have measured using 
f 

schlieren photodensitometry. They found a peak value of 0.15 at 400 B.D. 

behind 0.95 cm diameter aluminum spheres fired at 8300 fpa into air. The 



estimate was made at pressures ranging from 15 to 40 Torr. Figures 5 and 

6 are plots of the power spectra in terms of the frequency and wave number. 

The question remains as to whether or not the wake was truely 

turbulent. Unfortunately no corroborating evidence from schlieren photo¬ 

graphs was available, since the schlieren technique was found to be in¬ 

sufficiently sensitive to the expected density changes for an ambient 

pressure of 7.6 Torr. There is, however, some supporting evidence from 

Langmuir probe measurements carried out at C.A.R.D.E. at the same ambient 

pressure. These showed signals which were normal for turbulent flows, 

although the high frequency content of the signals was not as rich as at 

76 Torr, say. Moreover, turbulent wakes have often been reported for 

Reynold's numbers which were one-tenth of those which applied to the 

present experiments. 

One characteristic of the density traces (see Figure 3) is 

the absence of high frequency fluctuations. Hot-wire and Langmuir probe 

measurements at C.A.R.D.E. have indicated a relative decrease in the 

high frequency content of the wake with decreasing ambient pressure. The 

electron beam signal traces, however, show even less high frequency 

content. 
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3.0 The Ruby Laser Probe 

The Rayleigh scattering experiments were designed to complement 

the electron beam experiments. Theoretically, information concerning 

wake densities can be obtained with the ruby laser probe over the 

whole range of ambient pressures of interest. However, difficulties 

in reducing the background scattering of the laser beam placed a lower 

limit of about 10 to 30 Torr on the useable ambient pressure. 

3.1 Experimental Details 

The experimental arrangement is shown in Figure ?. The 

ruby laser head, the beam monitor cell, and a polarizing crystal 

were placed on an optical bench inside a large box outside the range 

test tank. The box rested on an adjustable table mounted rigidly 

on a steel platform. The beam was focussed into the centre of the 

range by a 30w focal length lens. A minimum beam diameter of less 

than 5 mm could not be achieved because of the high divergence of the 

beam. After passing through the wake the beam was destroyed in a light 

dump. The Rayleigh scattered light was collected at right angles to 

the incident beam by a 6n diameter lens placed about 28" from the focal 

point of the beam. A large Wood's Horn was used to provide a black 

background against which to view the scattered radiation. A RCA Victor, 

7265 photomultiplier was used to measure the Rayleigh scattered in¬ 

tensity. 

The outputs of the photomultipliers used to monitor the in¬ 

cident and scattered intensities were usually recorded on the same 

oscillograph. The oscilloscope displays wert recorded either by an 

c nlloscope camera on Polaroid film, in which case an oscilloscope 



sweep speed of 0.2 rasec/cm was used, or a Fastax high speed camera on 

35 mm Kodak 4X movie film, in which case a sweep speed of 1 sec/cm was 

used. The ratio of the amplitudes was then taken to be a measure of the 

wake density. The range photomultiplier was calibrated in situ 

against a standard source in terms of volts output as a function of the 

power falling on the lens. The monitor cell photomultiplier was cal¬ 

ibrated in terms of volts output as a function of the beam power. This 

was effected by a simultaneous measurement of the instantaneous relative 

beam power by the photomultiplier and the absolute energy of the beam 

pulse by a calibrated laser calorimeter. The ratio of the integrated 

photomultiplier signal and the measured beam energy gave the desired 

calibration constant. It was therefore possible to make absolute 

measurements of the Rayleigh scattering coefficient and verify that 

the measured signal was indeed due to Rayleigh scattering. 

The density was estimated from the following formula 

li - (AJOS F f> U) 
pi 

where Pg a power scattered into the lens 

* power incident on the scattering volume 

Ai/l ■ solid angle subtended by the lens at the scattering volume 

& ■ width of the field-of-view 

F « a function of the polarizability of the scattering gas and 

of the wavelength 

Equation (l) was derived for an incident beam 100Í plane 



polarized in a direction perpendicular to the plane defined by the line 

of propagation of the laser beam and the axis of the collecting lens. 

The scattering angle was taken to he 90°. The function F is dependent 

on the composition of the scattering gas and may change with time in 

a reacting mixture, especially if there is a large disparity in the 

polarizabilities of the reagents and the reactants. Since air can 

certainly be looked upon as a reacting gas at the temperatures commonly 

encountered in wakes, the quantity F was calculated for air in 

equilibrium at temperatures as high as 3000°K and for densities ranging 

from IO'1 to 10-3 of that at STp to s(¡e ^ u ^ ^ ^ ^ 

Of conditions. The results are plotted in Figure 8 and show that P /P- 

Will be closely proportional to density at all the conditions assumed. 

The reason for the constancy of F is that atomic and electronic pop¬ 

ulations remain low, most of the oxygen removed from the air becomes 

nitric oxide and the polarizabilities of 02, NO and N2 are quite close 

to each other. 

The Rayleigh scattered signal was found to be very sensitive 

to the duet content of the range gas. To ensure a dust free condition, 

the range was pumped to less than the desired pressure and the dust was 

allowed to settle for about 20 hrs. During this tine the pressure rose 

due to leakage; however the air that entered the range was clean, since 

the range itself acted as a giant filter. The closeness of the measured 

to the known Rayleigh scattering cross-section and the day-to-day con¬ 

sistency in the ratio of the output voltage of the monitor cell and 

range photomultipliers confirmed that the air in the 
range was dust-free 
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after sufficient settling time had been allowed. 

A more difficult problem was associated with measuring the 

background. One should, in principle, be able to do this by pumping 

the range tc less than 0.1 Torr, say, and measuring the incident and 

scattered powers. In practice, it was found that the very act of 

pumping released dust from the walls of the range and within two 

hours the dust was within the field-of-view of the collecting lens. 

The dust interfered with the measurements even at pressures as low as 

0.1 Torr, and so it was not possible to measure the background directly; 

however the following procedure was successful. The range was pumped 

to a desired vacuum the previous night and allowed to settle. Readings 

were taken on the following day. The gas was pumped out in stages 

during the next two hours, in which no interference from dust was ex¬ 

pected, and readings were taken in each stage. The results were plotted 

on graphs in the form of the ratio of the scattered power to the incident 

power as a function of pressure and the best fitting line was extrapolated 

to zero pressure. This extrapolation gave the contribution of the back¬ 

ground. Depending on the closeness of the alignment of the laser to the 

centre of the light dump, the background was found to vary from less than 

1% to 6* of the Rayleigh scattered signal from one atmosphere of air. 

The ruby laser head was cooled with liquid nitrogen. The out¬ 

put was observed to be a pulse consisting of a train of spikes of random 

amplitude and separation, average separation between peaks was about 

0.5^ sec. The "noisiness" of the laser output was not desirable in the 

measurement of density fluctuations and therefore the photomultiplier 

signals were filtered by a low band pass filter having a high-frequency 
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cut-off at 50kHz. 

As mentioned above, great care had been taken to ensure 

that the air in the range was free from dust before each firing. Any 

dust shaken from the range walls by vibrations produced during the 

firing would not have had time to reach the field-of-view ahead of 

the projectile. Therefore any heterogeneous scattering observed from 

the wake would have had to come from particles entering the wake as 

the result of factors such as these listed below: 

1) Ablation of material from the stagnation region of the 

projectile. 

2) Accumulation of impurities by the projectile during its 

passage in its sabot through the gun barrel. 

3) The release of particles that may have been ground into 

the surface of the projectile during the polishing. 

0 The accumulation of impuriti.s during the paseage or the 

projectile through the two nylar diaphragms usually em¬ 

ployed, one at the tip of the gun barrel, the other between 

the dump tank and the test section of the range. 

5) Some sort of small scale spallation. 

3.2 Results 

Aluminum aph.res fired at 15,000 fpa conaiat.ntly showed the 

preaence of particles in the wake. On the other hand, the wakes behind 

steel-tipped cones have been observed to be relatively free of particulate 

contamination. This behaviour is illustrated in Figure 9. The spikes 

in the scattered signal from the wake behind aluminum spheres were taken 



to be good evidence for the presence of particles. The signal am¬ 

plitudes indicated particle diameters in the micron range, whereas 

the average base width of the spikes was consistent with the time 

required for the particles to move past the field-of-view at the local 

wake velocity. 

In most firings of aluminum spheres, the dust spikes were 

so densely packed that it was not possible to make even average density 

measurements. On the other hand this difficulty was never encountered 

when cones were launched and density measurements were carried out. 

Because of the wide dispersion of cone trajectories relative to the 

centre of the range, it was not possible to monitor the wake at trans¬ 

verse distances of less than about 2 B.D. from the flight axis. Con¬ 

sequently the measured density was always found to be ambient at 

distances greater than 100 BD behind the projectile. This result is 

at least consistent with the finite difference calculations of Zeiberg 

and Bleich (10) on the turbulent wake behind a 10° half-angle cone of 

1 ft. base diameter travelling at a speed of 23 kft/sec through the 

atmosphere at an altitude of 120 kft. They used five turbulent vis¬ 

cosity models to calculate the axial temperature ratio. Although there 

was little mutual agreement among the predicted temperatures, the axl&j 

temperature beyond 100 BD was predicted to be less than twice ambient. 

Assuming that the axial wake pressure has reached ambient at this 

distance, the density is seen to be between ambient and half ambient. 

In the off-axial wake regions, the density would be expected to be 

close to ambient as was in fact verified by the laser experiments . 
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One interesting feature of the density measurements was 

the absence of any sign of fluctuations in the signal. This was un¬ 

doubtedly due to the fact that the wake was sampled outside the tur¬ 

bulent core. 

Since particles in the wake seemed to occur when aluminum 

spheres were fired, but never when steel-tipped cones were fired, it 

was thought that ablation may have been responsible for the presence 

of the particles. In a search for materials less amenable to ablation, 

it was decided to try copper coated aluminum spheres. Of the four 

fired to date, two of these gave relatively particle free wakes, whereas 

the other two behaved very similarly to aluminum. The difference in 

the behaviour of the two pairs was attributed to the quality of the 

copper coating. The surfaces of second pair were found to be covered 

with pores which had very rough edges and contained small particles of 

some material, presumably polishing compound or bits of metal. The 

former pair seemed to be relatively free of pores. 

Some attempt was made to test other possible sources of 

wake particles. Since the projectile travelled in its sabot through 

the gun barrel and since there was an intimate contact between the 

plastic sabot and the gun barrel, it was thought that perhaps some 

decomposition of the sabot may have occurred close to the gun barrel 

due to heating and that the decomposition products might then have 

spread over the sabot and unto the projectile. To test this hypothe¬ 

sis, a good experiment would have been to vary the sabot material. 

The experiments of Locke (7) have indicated some correlation between 
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sabot material und wake particle formation. For the firing conditions 

at GARDE, *elux seems to be the only acceptable sabot material in terns 

of strength and density, and thus the sabot material could not be varied. 

It must be pointed out that being a polycarbonate plastic of high aromatic 

character, zelux is prone to soot fonnation and charring at high temp¬ 

eratures. If barrel heating of the sabot were a true source of wake 

particles, it would be difficult to explain the differences between 

firings of cones and copper-plated spheres, on the one hand, and firings 

of aluminum spheres, on the other. 

The projectiles were made to pass through mylar diaphragms in 

all firings. To test this as a possible source of wake particles the 

diaphragm was removed from between the dump tank and test section. As 

before, wakes behind cones were found to be clean, whereas those behind 

aluminum spheres were found to be contaminated. Passage of the pro¬ 

jectile through the mylar diaphragms was not therefore a prime source of 

wake particles. 

Wakes behind titanium spheres were found to be relatively 

dust free; however, radiation from TiO interfered with the signal. 

Although simple in principle, the Rayleigh scattering tech¬ 

nique is a difficult one to realize in practice. We are confident that 

given copper projectiles with optimum surface characteristics, useful 

density measurements can be made, and perhaps even power spectra can be 

estimated. The possibility of making local density measurements warrants 

a continuation of efforts to develop the laser probe. The observation 

of particles in the wake suggests that soae careful consideration be given 
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to any possible effect that they may have on the measurable character¬ 

istics of the wake, such as electron density. 

Concluding Remarks 

The electron beam fluorescence probe has proven itself to be an 

effective tool for the measurement of gas densities in hypersonic air 

or nitrogen wakes. Some attention should be given the problem of finding 

a suitable method to correct the measured densities for effects arising 

out of the attenuation of the electron beam by the gas molecules in its 

path. The absence of high frequencies in the power spectrum of the 

measured density fluctuations is a puzzling characteristic of the electron 

beam probe that should be carefully examined. 

The laser beam probe has proven to be somewhat of a disappointment 

because of the presence of particles in the wakes behind spherical pro¬ 

jectiles. Some hope of eliminating these particles arises out of the 

observation of clean wakes behind two copper-coated aluminum spheres. 

Apparently the ’'cleanness" of the wake appears to be sensitive to the 

condition of the projectile surface, as well as to the material out of 

which the projectile is made. 
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Fig.4 R.M. S. density fluctuations as a function of axial distance 

Fig. 5 Normalized power spectra of density fluctuations versus 
frequency 
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Fig.6 Normalized power spectra of density fluctuations versus 
wave number (cm-1) 
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Fig- 7 The Rayleigh scattering apparatus 



Fig. 8 The dependence of the Rayleigh scattering cross-section term, 

F, on temperature and density 
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