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FOREWORD 

This report, Volume I of the series DYNAMICS OF SEPARATING BODIES, 
was prepared under Air Force Contract No, A.F 29(600)-1711, Project No. 7856, 
Task No. 78548, by the Cook Research Laboratories, a division of the Cook 
Electric Company, Chicago, Illinois. This contract is monitored by the AFOSR 
Directorate of Research Analysis, Science and Engineering Division. The 
contract monitor is Mr, F. TJtech. 

The work was conducted in the Aerodynamics Section of the Cook Research 
Laboratories under the direction of Mr. it. 0. Fredette, Associate Director, with 
Messrs. H. I. Wackelin an.. later F. J. Doerr as Project: ...gineers. The treat¬ 
ment of wake characteristics is the work of Dr. R. Hoglundj Dr. J.S. Thaïe is 
the principal contributor in the presentation of the equations of motion. Messrs. 
L. Sirns and P. Minerva participated in the study effort. 

With respect to subsequent volumes of the series DYNAMICS OF SEI.ARA.. 
TING BODIES, VOLU1./iE H, MEASUREMENTS AT MACH 2, 4, AND 5, has ..sen 
made available, and VOLUME HI, MEASUREMENTS AT MACH 8 A.MD ... 
will ... published at a later date after completio.. of ......test.ï. A series of 
ejection tests at the above Mach numbers will be conducted in the future, and the 
results of thse tests will also be published at a later date. 



ABSTRACT 

Ihe theoretical .foundations of a detailed, study of the dynamics of separating 
bodies at supersonic speeds are established. Carrier vehicle flow field charac- 
teristics are investigated to define the environment into which the ejected bodies 
are projected. The aerodynamic properties of representative capsule configura- 
lluTib in, locally varying flows are documented, and the equations of motion pertinent 
to the several modes and techniques of ejection and separation are stated. Trajee- 
tory computations based upon a realistic summary of the problem inputs are dis- 
cussed, and the relative importance of the operational parameters assessed. 
Separation system requirements are compared for the several ejection modes and 
capsule configurations considered. Particular emphasis is given to the section 
..inf? the wake structure behind a body representative of a carrier vehicle 
traveling at supersonic speeds, 
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S,ECHON 1 

INTRODUCTION 

An expedient means of recovering instrumentation, data, human or 
subhuman biological «pecimens, etc., from a rocket .. on a high-speed 
trajectory is to separate a part of the vehicle or a portion of its contents and 
briiig that subordinate package.. to the.. of ... ..! .. 
...ration and the ... on the separation system are amenable to 
theoretic.. investigation to the extent that geometrical effects may 1.. ...... 
... tboae configurations.¡i..serving of exp«.riment..il study may be limited to a 
...cable number. This report documents the results of such a theoretical 
..«»ligation, which, ta,king orí g inaily a broad view,, has delineated the areas 
in which ..actical solution.. may be found. However,, it must be .... 
that,  with re      to aero iynamic considerations,    analytical     of 
capauie separation from a. parent vehicle while in the sensible atmosphere at 
..».. ranging from, supersonic to es«.ape velocities requires the employment 
of techniques which differ radically from those employed to analyze a «tore drop 
;|b"om an aircraft. In these high velocity cases dev.iations from free stream 
..éditions are of extreme import*.in.. .. that the velocity of the capsule with 
respect to the local flow environment during at least the initial portions of 
separation is ..me rally quite different from the free stream velocity of the parent 
carrier ..»hide. In addition, the gradients existing in the flow field experience.. 
by a. capsule ejected from a vehicle at hypersonic speeds may be of extreme im¬ 
por tau. ce in   rmining the    ration characteristics of the ejected body Ala   
for reasons of ..my primarily, the feasibility of obtaining extensive experi- 
... sep..i ration data, with any configura tit.. of carrier vehicle and capsule in 
the super.tonic to «.scape velocity range is greatly ..sduced as compared to sep. 
..»-ti«» ..tu...a in, the low speed regime. Thus, more ..slit..nee must be placed 
on. analytical techniques and, empirical results from previous cases requiring the 
use of more accurate means of estimating flow field ..sets.in a dynamic.. 

An extensive search of the literature, performed in an effort to find a 
Point of departure tor this study, revealed that previous effort was largely 
limited to aircraft-typ«.. ...oiigurations at ..amparatively low speeds.A list of 
references is appended, to this section which reports all ... separation in- 

■ve s liga tí on s r elate d to the p r e s e n t s tudy Sorn e c omment a a r e pr e $ ente d i n 
... paragraphs on those ... which influenced this study in one way or 
another. 

Manuscript released by the author March 1961. for publication.,, 



Though the data, themselves are of limited applicability, the NASA store 
sepa ration investigation (References 1 through 18) serve® as a point of departure 
for the present study and provides guide lines for the procedures and techniques 
which have been adopted.,, References 1,, 2, and 3 document a theoretical method 
of bomb motion prediction based upon experimentally determined static aero¬ 
dynamic quantities for a store at various positions and attitudes in the separa. 
ti on region. Fair agreement with the results of wind tunnel dynamic tests 
(.Reference® 1 and 2) has so been obtained. Consequently, a measure of con. 
fidence han been derived that a similar procedure is valid in the present investi¬ 
gation. 

Dynamic simulation of separated bodies, required for wind tunnel ejection 
te s ts„ i a c oimpr eh en s ively di » e us a e d in Ref e r ene e 4, Pr oc e du r e s and. te chnique s 
for separation testing employed by the NASA, which have application in the pres¬ 
ent program, are recorded in References 5 through 10. NASA, flow field mapping 
experiments, performed for specific aire raft/store combinations are reporte.. in 
References 11 through 18 and serve as a basis for the design of the experimental 
system, required for the wind tunnel phase of this study. 

Theoretical methods of estimating the loads on a separating body in a locally 
varying flow field are presented in Reference 19 for subsonic flows and in Refer¬ 
ence 20 for supersonic flows. The latter approach has been, adopted for estima- - 
ting the interference loading on a body ejected from the side of a parent vehicle, j 

On the basis of the literature survey briefly reported and upon considera- ; 
ti on of the possible alternatives, the following theoretical study approach has • 
been, evolved and, pursued as part of the separation dynamics investigation, ■ 

(1,} Establish limits on the scope of the study relative to carrier 
vehicle types and separating body configurations (capsules). 

{2} Perform a preliminary aerodynamic analysis of candidate 
capsule configurations and reduce the number which must be con¬ 
sidered in, detail, to cases of greatest interest. 

(3) Estimate the properties of the flow fields around the carrier 
vehicles in those regions from which separation, may be effected. 

(4) De te r mi ne th e a e r ody nam ic pr op e rfci e s of th e c aps ul e a s e 1 ec te d 
for detailed s tudy under c onditions of pro xi .mi. ty, 

(5) Derive the equations, of motion pertinent to the established sépara¬ 
it on re gi on s a, nd mod e s fa r the c apsule / r eg ion c ombina ti on s of :i rite r e s t. 



(6) Perform computations of separation trajectories for the »elected 
capsule/region combinations over realistic ranges of the configuration/ 
operational, parameters. Establish thereby the relative separation 
efficiencies of the combinations so considered and the related require. 
mente on the separation systems. 

3 
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SECTION II 

CRITERIA OF THE STUDY 

Separation problem« can be characterised, in general, ï:n terme oí 

m The environment to which the separated body is exposed (in¬ 
terpreted by the trajectory condition.... the carrier vehicle a,.. 

separation) 

(2) The physical circumstance 
Bhape, placement on the carrier 

! a of time separat.. body, i.e., it.. size, 
vehicle, ... of its purpose ... application. 

The scope of the study relative to these criteria cao be limitad by practical 
considerations to those circumstances which occur more commonly. For exam¬ 
ple, the carrier vehicle which represent, a parent payload section or re-entry 
body is assumed to be axisymmetric and at aero angle of attack m flight. Aside 
from the virtually unlimited cases that would arise, treatment oi: arbitrary shapes 
and vehicle attitudes would not fulfill the purpose of a general study program of 
this nature In that data and conclusions of extremely limited apphcablllty would 
be generated in many cases. It is the purpose of this section to discuss the hounds 
of the separation problem and to establish the practical criteria under which the 

study ia made. 

A. Trajectory Carrier."Vehicle 

A rep re sentative   er of     ectorie   including those peculiar to    
ing rockets, ... ICBM's, satellites and satelloids, ... by ... I, 
have been examined. Only pertinent portions of ascent and re.entry ..‘.a, i. e, , 
those in which aeceleratk.ns and dynamic ....» are signifie..ait ... con.. 
In any detail eine.the ..rimary function ofthiß program is to study the ....a.ration 
problem as influe.need by aere....... Thus, ..ration w given to ^ 
them.: altitude regimes in the sensible atmosphere where aerodynamic pa;.«net;... 
are of prime ..^sequence in determining separation characteristics. 

gome remarks are ..meed concerning .. mechanics of extra, ..it.... 
separation, wherein aerodynamic load.and carrier a.cele rati,on» are not present. 

Two variant conditions arise, namely 

(1) Satellite traj ectory ..* supere sc.ape velocity 

(2) Sube scape velocity, suborbital velocity/direction. 



In the latter «... ..P«aüon may be effected merely by 
..... body (capsule) a differential velocity, the magnitude and , uect on of t 

velocity being defined entirely by the desired subsequent “P8"1' 1 
For satellite conditions or superescape velocity; the magnitude m itt ^ 
of the capsule differential velocity are restricted by the reqmrements of Äe de 

orbiting maneuver. In general, there exist, a minimum 
which may ..mployed; however, dispersion is red 1 ^ „e 
velocity is increased. Heating and deceleration Pr _ ® . j d , ,„aTa. 
with low dispersion re-entry trajectories. Garner vehicle attitude at separa 
tion is critical to the subsequent capsule trajectory, and the act o separation 
0,“t not be permitted to impose on the carrier vehicle forces and moment. 
wMch would disturb its further orbiting and later de-orbiting maneuver. 

Further consideration of the extra atmospheric separation problem is 
beyond the scope of the present study, and no further mention of it: 18 ”ade “ 
this report. Representative trajectory conditions which have been used lu im- 
plement ^he computations of this study are derived from the data of Figures 1 

through 3 ... are summarized in Table 11. 

B, Capsule Characteriatica 

In order to aid in the selection of capsule configurations of greatest inter- 
est which are to be analysed, a catalog of representative «ampies ha.. been 
prepared and is presented in this repor, as Table III. Specifically excluded 
from tills tabulation are missile nose configurations - which are separated 
ordinarily outside the atmosphere - and human being-carrying capsules, the 
geometry of which is highly specialised and, therefore, outside the «cope oi 
L present broad study. The configurations appearing in Table Ul cncm pass 
ranges of capsule sire, shape and aerodynamic properties, earner vehicle 
placement, and separation environment pertinent to the study. Ihiiitincl gmiip- 
S I are smm ,0 emerge from the compilation of capsule characteristics w h 

reduce to a comparatively few the number of cases whlf J"“8'be 
independently. These general categories are given m Table IV and ior” l' 1, 
i*Bis Of the present investigation. A detailed discussion of capsule georuc 
characteristics, leading to the choice of representative shapes of interest to 

thia study, is given in Section IV. B ... this repo.. 



TABLE I 

REPRESENTATIVE TRAJECTORY CONDITIONS 

Trajectory 
Numbe r De s c ription 

1 312 mile summit, sounding rocket 112, 689 feet burnout 
altitude, 2° from vertical launch angle 

3 

Single stage, 1, 500 nautical mile range ballistic 

2 75 mile summit, sounding rocket, burnout; altitude 
103, 078 feet, 11° from vertical launch angle 

4 1, 200 mile summit, sounding rocket, burnout altitude, 
234, 713 feet, 2 5 from vertical launch angle 

I? 1, 20:0 mile summit, sounding rocket, burnout altitude, 
238, 741 feet, 0° from vertical launch angle 

6 Four-stage satellite launch for 190 nautical mils injection 
altitude 

7 Satellite re-entry, 15,600 feet per second velocity at 
250, 000 foot re-entry angle 115° from vertical, W/CjjA = 
20. 4 

8 Satellit«. re-entry variable drag configuration, 23, 900 feet 
per second velocity at 316,000 feet. Re.entry angle 93..36° 
from vertical 

9 Satellite re-entry, 23, 930 feet per second velocity at 
316, 800 feet. Re.entry angle 93. 36° from vertical 

10 Satellite re-entry, 24, 200 feet per second velocity at 
316, 8 0 0 fe e t. R e e n t: ry a ng 1 e 9 0 0 f r orn ve r ti c al 

11 Three-stage, 3, 200 nautical mile range ballistic 

12 

13 

Re-entry, 6, 000 nautical mile range, 24,000 feet per 
second velocity at 400., 000 feet. Re.entry angle ï 10° 

Satelloid re-entry, 18, 864 feet per second velocity at 
195, 388 feet. Re.entry angle 90. 958° from vertical 

AFOSE-109 8 



m A r» t U* TT 
X Li X3 uluiJ»*«^ ««X 

Separation, 
Region 

Mach 
No. 

Altitude 
(ft) 

Dynamic 
Pressure 
(lbs/ft^) 

Acceleration 

(g'e) 

Trajectory A:.igle 
Measured from 

Vertical 

BASE 

5 
5 
5 

10 
15 

0 
25, 000 
50, 000 

50, 000 
50, 000 

37, 000 
13, 750 
4, 250 

17, 000 
38, 300 

-52.8 
-19.6 
-21. 3 
- 6.08 
- 3. ... 
-24. 3 
-54. 7 

135 
135 
135 

135 
135 

SIDE 

2 

5 
5 

15 
5 

50, 000 

100, 000 
150, 000 
85, 000 
50,000 

6 8 0 

410 
59 

7, 430 
4, 250 

0 
5 

10 
All Cases 

45 I 

45 
45 
45 
45 

5 
5 
5 
5 

10 
15 

0 
5, 000 

25, 000 
50, 000 
50, 000 
50,000 

37, 000 
30,800 
13, 750 
4, 250 

17, 000 
38, 300 

-22. 6 
-18. 8 
... 8,4 

- 2..6 
-1.0. 5 
-23. 4 

135 
135 
135 
135 
1.35 ! 
135 ' 
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SECTION ni 

EQUATIONS OF MOTION 

In order to predict the motion of a capsule ejected from, a carrier vehicle 
into a particular region of the flow about the vehicle, the governing equation« of 
motion must !.. estábil shed. The motion equation« express the capeule dynamic« 
in til physically pertinent degrees of ... and the position-attitude-velocity 
dependent forces and.moments which are impressed upon the capsule in a. spa.- 
tiaily varying flow field. .As such, if is convenient to ... motion equations 
specifically appropriate to the particular ejection or flight mode. 

It is determined in Section II that capsule separation may be effected from 
the carrier vehicle nose, from its side or from its base, or the ... itself may 
1.& separated. Applici.. motion equations have been derived for each of these 
modes. Details of the formulations of the separation equations are presented in 
the Appendix of this report. In ad.iition, the general equations for the motion of 
a. capsule in free flight have been derive.::1. The formulation of the.... equations is 
not presented in this report since they are not directly pertinent to separation 
analysis. The following subsections summarize   til y the salient character  
istiCB of the respective sets of equations. 

A  Nos e Separ ati on Equal ions 

The mechanism of nose separation involves the use of a thrust force on 
the nose directed, in general, at some angle to the nose longitudinal axis. 
Aside from, any relative longitudinal, displacement, the effect of this force 
system is, in general, to cause the nose to slide laterally relative to the 
afterbody (carrier vehicle) and to rotate if the thrust axis is displaced off 
the center, of gravity of the nos.ï section. Thus, two effects are present which 
must be taken into account, namely 

(1) The contact and frictional forces present during the contact phase 
of the process in circumstances where the magnitude of thrust in the 
longitudinal di recti on is not: sufficient; to irnme diately cause s eparation. 

(2) The change in aerodynamic forces and moments on. the afterbody 
as an increasingly greater amount of its blunt face is exposed to the flow 
during the progress of nose separation. 11 

Th r e e   de g r e e of - f r e e dam equations hav e b e en de r iv ed fo r th e no s e and 
for the afterbody.which describe their respective planar motions. Since the 

....109 15 



separation process is of short duration, the Mach number change is negligible, 
and the aerodynamic coefficients change with, angle of attack only. 

B. Base Separa,tion. Equations 

Separation from the base of a carrier vehicle may be effected either (!) 
axially along the wake core, or {2} at an angle to the wake axis euch as to 
cause penetration of the wake boundary. One-dimensional motion is applicable 
in the first instance. The equations in this case were purposely made general 
to provide for various combinations of ejected 1.odias. One equation each is 
written for the carrier vehicle, for the capsule, :.. for any devices that may 
be employed for extracting the capsule. An elastic line is assumed to Inter¬ 
connect each element of the train. Provision is made for a programmed in¬ 
crease in drag area of ..pilot device, if used. In cases where no inter con. 
necting linen or pilot de.vices are used, at...ropriate terms in the equations of 
m o tí o n a r e 11 je e r o e d1 " o r s upp r e 8 8 e d. 

The equations which represent capsule motion under the condition of 
ejection from the carrier base at an angle to the wake axis ..a conventional 
three-degree.of-freedom system.■ Due, however, to the extreme variations 
in the base ... field, especially across, the wake boundary, the force and 
... repr.. is complex. In crossing the wake boundary the capsule 
la subject to large aerodynamic moments which produce large angular veloc¬ 
ities ... change ma.. the local flow velocities over the capsule.surface. 
To account for this velocity variation the capsule surface is divided into eight 
... averse "faces," The loading on the capsule, then, is the summation of 
the loads averaged.ver the respective faces. The center of pressure on «.ich 
face is assumed to be at the centroid, of the face; flow conditions over the face 
are assumed to be those associated with the centroid, 

C. Side Separation Equations 

The motion of a capsule ejected laterally from the side off a carrier 
vehicle is anal).-zed in two phases, namely 

(1) During partial exposure to the flow 

(2) After complete exposure to the local flow. 

In the former case the capsule is subject to a rotational restraint im¬ 
posed by the carrier vehicle which is assumed to be released at or before 
complete exposure, dependent ..cm capsule geometry. .During ...it, ... 
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degree-of-freedom equations apply; after release of restraint, three-degree-of 
freedom motion is employed. Frictional force» appear while the capsule i* 
restrained, and a time-position dependent ejection force can be applied during 
the partial exposure phase. As a necessary computational subroutine, the ex¬ 
posed capsule area in monitored and employed as the reference area for the 
applicable aerodynamic force and moment; system. During the partial exposure 
phase, the basic "capsuie-free" local flow field surrounding the carrier 'vehicle 
is used in the computation of aerodynamic parameters. 

After exposure to the local flow is complete, three-degree-of-freedom 
motion is continued except that additional force and moment terms appear. 
These terms express the interference effects of the capsule and the carrier 
flow field, and the effect of encounter with shock waves in the appropriate 
region {specifically, the carrier noise shock), 

D. Free-Flight Equations of Motion 

I" order to predict the dispersion of a separated capsule subject to 
initial conditions resulting from the ejection process, equations of motion 
in six-degree-of.freedom have been derived. In the formulation of these 
equations, an, axisymmetrical capsule is assumed; otherwise the resulting 
equations are very general and provide : 

(1) That the gravitational constant may be expressed as a function 
of altitude 

(2) That the wind (assumed horizontal) is variable in magnitude and 
di i e ct ion with altit ude 

(3) That aerodynamic quantities may be expressed as nonlinear 
functions of local Mach number and angle of attack over a. complete 
(:1:180 degrees) range of capsule angles of attack. 
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SECTION IV 

AERODYNAMICS 

The problem of wparating a body from a carrier vehicle is approached by 

predictingf with the equation» of motion, the path of the 
the parent carrier and the associated linear ... angular, acceleration» or loads ZIZ to the sap a rating body. These equations of motion require the determ,iv- 
ation of aerodynamic derivatives which apply during the separation process. 

Basic ... the establishment of these aerodynamic quantities is the determ. 
¡¡.nation of the resultant or combin.. flow field caused by the two bodies m 
proximity to each other. In principle the resultant, combined held may e 
j , i j i solving ..! fluid flow equations including viscous effects, or by 
conducting exp.pimental programs to either observe the flow Held or mea.are 
directly the forces and moments induce*.. on the bodies m this leid..T e 
analytical determination of the combined flow field is extremely difficult, a.. 
even when computed as rigorously as pc.».Me will involve certain assumptions 
0:r data, for example on shock.viscous layer interaction, that are incomplete.. 
known, and therefore can only be applied approximately. 

Fortunately, the circumstances ..id er which sepa.ration from the side or 
... ... a carrier vehicle are of main interest permit simplification of ..pro.. 
... Generally the separated body (ca|.. ..ill be small relative to the him 
of the carrier vehicle so that only when the capsule virtually touches the carrier 
or when it is in the region of the carrier field where extreme gradients exist 
■wil.1 the interaction (interference) of the two flow fields produce a combined or 
resultant field which differs significantly ... a simple superposition of ... 
individual fields. In this case (and ...gain relative to side or base capsule 
.   the primary characters íes.     field will «stab liehe 1 
by the larger carrier vehicle, and the capsule's own flow field will resuil írorn 
the local conditions established by this primary field (at each distinct ..ï 
lot.ation in the field); at least as a first order approximation. .During me.t o« 
the ..paration period the gradients generated by the carrier field, at any given 
point, "will result in moderate changes in flow parameters over the region 
occupied by the capsule. Thus the forces and moments on the capsule mich.. 
10(.al corn;.litions may be derived by adding incremental terms to account for 
the effects of local field gradients and ... curvature to its basic character» 
istirs at the average local conditions, assuming that the carrier field is un¬ 
affected by the presence of the capsule. I.inear perturbation methods or 
simple numerical, strip theory techniques are applicable under these conditions. 

AFOSR.109 18 

i» 



'l'líOT PflIIiPBPÍllllüüSlIPlIlJliniliPiflHfflIlímtliilllüllüHWilfPfSipiIlllllBH piHiüpr 

A further simplification iß possible at capsule positions in the flow field where 
"* field changes over the physical extremities of the capsule are quite »mall. 

When this condition is satisfied the capsule may be treated at that point; as 
effectively immermiicl in a uniform field corresponding to the average of the 
local field parameters in the neighborhood of that point. 

f 
In summary, with respect to side and base ejection, the present study of 

separation dynamic# assumes capsule configurations which are small relative 
to the parent carrier vehicle and separation modes which will place the capsule 
predominantly in areas where the resultant or combined flow field may be ob¬ 
tained by simple superposition of the individual fields, the primary field bping 
«stabilshed by the carrier vehicle. Consequently separation characteristics 
in this study are largely predicated on these assumptions. The upeciallmed 
considerations which apply to nose separation are noted in Section IV. A and 
IV. C of this report. 

Discussion of the above ..iiaimie phenomena is . contained in the first 
tfa r e e maj or 8 ubdiv i » i, o ns of thi a s e ction. The s e s ub s ectio ne inc lude a de s c r ip - 
tion of representative carrier flow fields, a summary of capsule configuration 
physical and aerodynamic characteristics, and discussion« of interference 
effects relative to the manner in. which they affect the loading on the separated 

« body or on the carrier vehicle. Conditions where experimental aerodynamic 
data, arc.needed, particularly to establish the effects, of complex interactions, 
are indicated. The fourth major subdivision of this section completes the aero- 
dynam :l c d i s c u s $ i on by s urnra a r i z i ng c e r tai n s tat e m e nt s ma d e in th e p r «s v i. o u s 

» sections and defining specific methods, results, and assumptions which are 
applied in the present analyses. 

.. Carrier Flow Fields 

Separation may be effected from three locations on the carrier vehicle, 
namely 

(1) From (or of) the nose 

(2) From the sides 

(3) From the base. 

It is possible, on a practical basis, to eliminate consideration of capsule 
separation, from the nose of a carrier vehicle. Rather it is the entire nose that 
requires separation, and it is this circumstance which is assumed to exist and 

» 
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for which a sepa rat ion, analysis is made. There is no purpose, therefore, in 
defining the flow over the nctae as an environment for the ejected nose. In 
effect the environment for the nose is undisturbed air into which it advances, 
initially at flight speed. What happens to this flow during the ejection process 
is a result, in part, of what has happened to the nose and of the effect of the 
after!.. with which the flow must, during ejection, interact and is treated in 
Section IV. C. 1. The flow fields over the sides and at the base of a carrier 
vehicle are discussed in the following two subordinate sections. 

I. Carrier Side Flow Field 

The geometry of a vehicle nose has an important effect upon the 
flow over the cylindrical afterbody. Rather broadly different nose con¬ 
figuration«, i. e., sharp or blunt, may be pertinent in various side 
ejection situations; therefore, corresponding flow field types must be 
established in each instance. The flow fields associated with pointed 
no sad and blunt nosed bodies are discussed in the following two parts 
of thin Élection. 

a, Pointed Nosed Bodies 

Flow field variables for bodies having attached shock waves 
may be predicted more or less accurately by means of theoretical 
methods of commensurate complexity. The first and second order 
theories, as e. g., of Von Karman and Moore{Reference 1) and Van 
Dyke (Reference 2), predict the magnitudes of the flow field vari¬ 
ables reasonably well close to the body but fail to estimât«. correctly 
shock.wave pc.sifón and shape of the Mach lines. As discussed in 
Reference 3, .Whitman has improved the linear theory by calculating 
a second appro.».Lm-Amn to the Mach line, the resulting increase in 
accuracy requiring a relatively modest increase in computational 
complexity. 

The ultimate rigor in supersonic inviscid flow calculations is 
provided by the method of characteristics, which is applicable to 
thi e nonline a. r hyp e rboli c e qua lions of s up e r s oni c fl ow. Thi s t ec h - 
nique is equally applicable in rotational and irrotational flows. 
F.err! (Reference 4) has considered the former extension, which 
applies » e. g. - for high Mach number flows where strong curved 
shock wave s occur with ac companying va dation in entropy along; 
'them. Real gas effects have been accounted for by Gravólos (Ref¬ 
erence 5). Though the characteristics method involves thi. greatest 
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computational complexity,, its use (and inherent accuracy) is made 
practical by the employment of machine computational methods, 

T yp i c al p o int e d bo di e s, c one » c y lind e r c <> nf i gu rati on s, ha v e 
been analyzed by Liepmann and Clipping ex (References 6 and 7) 
using the characteristics method. The specific i(|case« and results 
are documented and plotted in Figures 4 to 6. Representative 
calculations only of Clipping er are included; the conclusions derived 
therefrom .apply in all Ms results. It is found, relative to the cone- 
cylinder body in supersonic flow, that; 

(1) At least in regions not near the shock ... and aft: 
of the shoulder in the range of Mach 2 to 7, for the cases 
considered, velocities throughout the flow field are within 
approximately 95 percent of free stream, 

( 2) A b i g ni. fi c ant d ep a r t u r e f r o m f r e e - s t r e am co nditi om 
exists fo r low length-to- diameter ratio b odie s at low Mach 
numbers, and at high Mach numbers for longer bodies. 

( 3 ) W h e r e app r oxi ma t e f r e e - s t r e a m c o ndl tío n, s exi b t o n 
the body the err.ironment for capsule ejection in essentially 
uniform at a Mach number and dynamic pressure somewhat 
reduced from that of free stream. 

b. Blunt Nosed Bodies 

No s e blunting     com e s pe rti n ent for high - sp ee d Hi ght app Lie a  
tions where stagnation heating becomes critical". The strong detached 
shock "i./ave associated with blunt configurations imposes large 
increases in entropy. The flows associated with such configurations 
are given in several references such as Lees and Bogdonoff 
(References 8 and 9). 

T h e £1 ow f i e 1 d i s mi xe d s ub s oiá e - s up e r s o ni c, and t h e m e thod s 
o f c a 1 c til at i on p r e v i ou s 1 y di s c u a s e d a r e i nad e qu a t e in the s u b so ni c 
parts of the region. .ft, relaxation method due to Wang (Reference 10) 
has been used h; C ra /ados (Reference 5) to determine the propertleu 
of the subsonic-transió nie flow field. In the supersonic region, any 
of the previous, methods are applicable with preference given to the 
characteristics me the.cl where practicable. A representative hyper¬ 
sonic case has been calculated by the method of Gra.-aloe and the 
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♦ characteristics method assuming real gas effects. The vehicle is 
a hemisphere-cone-cylinder having a cone half angle of 30 degrees 
The flight Mach number is 15.0, and the altitude is 85,000 feet. 
Figure 7 (a and b) is presented which exhibits, respectively, the 

. spatial variations of pressure, density, flow direction, and Mach 
number in the flow field about the vehicle up to 6 diameters from 
the vehicle none. The following observations are drawn relative 
to this case, which illustrates - typically - flow field characteris¬ 
tic« in a hypersonic environment. 

¢1) Near the shock wave pressure gradients are large but 
diminish rapidly with radial and axial distances. Beyond 
about 6 diameters from the nose approximately free stream 
static pressure exists throughout the flow field. 

(2) Density gradients behave similarly as do pressure 
gradients. Density ratios (relative to free stream.) are very 
low in the regions near the body aft of the shoulder and, at 
high Mach numbers, everywhere in the region aft of about 5 
diameters from the nose. 

* 

(3) Flow direction approaches free ..rea.ti in the region 
behind about 4 diameters from the nose. Ho.. radial 
flow direction gradients remain large even at 6 diameters 

.. from the vehicle nose. 

(4) 'Alach number gradients axially are relatively small 
behind about 4 diameters from the vehicle nose. Further, 
as indicated by Powers (Reference 11} the !.lach number at 
distances from the nose which correspond to the lengths 
of practicable hypersonic vehicles does not appreciably 
exceed 5.0. 

2. Carrier Wake Flow Field 

in. order to determine the environment for a base eject*:.. body, the 
structure of the dissipative wake and the associated external ..of a 
carrier vehicle is discussed, and a practical model of the flow field is 
established. The principal information derived from a survey of the 
status of wake technology is reported in this section. The sup.sraonic 
.wake is the subject of present concern. Further, for bodies ejected 
from moderately decelerating carrier vehicles, the wake structure 

r 
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immediately behind the body is of prirre importance; hence, emphasis 
will be placed upon description of this region. 

The quantitative description of wake flow remains today.virtually 
Inadmissible to analytical treatment. Approximations which, have been 
useful in solving the equations of fluid motion (e.g., Navier-Stokes) for 
boundary laye.. say become inadequate in. wake analysis, since the 
interaction of the in.viscid external flow with the internal dissipative 
region may not be neglected. The unsteady ..re of the (practical) 
turbulent wake further complicates the theoretical problem, with impli¬ 
cations of the statistical approach. 

Presently, therefore, wake characteristics must be determined 
primarily in an empirical manner. How.ever, considerable progress 
towards description of the wake has been, made in the last decade. In 
particular, efforts to correlate and explain observed base pressure data. 
have necessarily result«.. in ..rodela of the wake structure. ... models 
and the work of Chapman (References 12 and 13), Crocco and I.. (.Ref. 
ere nee 14}, ... and Love (References 15 and 1,6) provide the greatest 
insight into the mechanism of wake flow and its quantitative description. 
Of these works, only the very general theory of Crocco and Lees is 
founded upon a firm theoretical basis. By emphasizing the importance 
olí mixing in establishing an equilibrium between the external, flow and 
the dissipative region, these authors are able to explain the qualitative 
... of base pressure (and thus wake structure) for various Reynolds 
nu m b e r r e g i m e s. U nf o r t u na t el y, th e C r o c c o L e e s t h e o r y d e p e n d, s 
critically upon empirical values of mixing coefficients for various flows 
and upon determination of the laminar-turbulent !   point, both 
..! known quantities. Practical ..mputational difficulties further Limit 
the usefulness of the theory. Nevertheless,, the Crocco- Lees theory is 
considered to be the most important modern contribution to wake determ¬ 
ination since it embodies implicity or explicitly virtually all of the models 
or ideas used by the other investigators. 

In th e f ollowin g pa r a g r ap h s, the s t r u c t u r e and c h a r a c t e r ;i a t i c s of 
wak e s a r e di s c u s s e d wi th e mph a s i s o n. th o a e fe a, tu r e s i trip o rta nt fo r 
bodies ejected into wakes. For convenience, the discussion of wake 
characteristics is divided into ... subsections. The first subsection 
:Ls concerned with the generally convergln.g region immediately behind 
the body up to and including the wake "throat" or "critical region. The 
s econd sub s ection di sc us s e s th c sp r eadi ng downs! ream wak e, and th e 
third subsection describe a the representation of wake: structure used, for 
this program. 



a, Th« "Wake Immediately Behind a Blunt Body 

The general feature« of the wake are depicted in Figure 8. 
As shown in this figure, the boundary layer flow ah.ml of the ba« 
of the body expands around the corner and separates from the «u “ 
face at the corner. A weak lip «hock terminates the co-er-cent red 
expansion fan. Entrainment of air from the region behind the base 
... the jet pump action of ..stream lower, the pressure behind 
the base. Th« resulting pressure difference across the stream 
causes it to ..deflected inward 1.wards the axis of the body. Upoi, 
reaching the axis of the 1.ody the stream is again, dell.dec (and 
hence .recompressed) back to the longitudinal direction. An.. li¬ 
brium state La reached wherein the flow.... ... an angle.melt 
that ... dissipative.flow can ».g.. the resulting re..ompression. 

The region of the ...... recompression, or the.wake thro..it, is 
critical and controls both the up.stream an,.;.... wake «truc 
ture. Figure 9 is ... schematic diagram of the region fa*...a the 
blunt I...a.. «id ....ike throat. ... general features oí this region, 
are common to two-dimensional... to »Asymmetrie üows. .bor 
convenience the wake region is discussed relative ..two-dimensional 
... The ..riant difference a which arise in three... 
axlsym,metric flow are discussed la.I.er,, 

Referring to Figure 9, the boundary layer (of thickness AB) 
formed on .. surface of the body ..reads downward into the region 
..i hind the base. Entrainment of air from ..he base region increases 
the thickness of the.mixing layer. At the.»oint where the stream¬ 
lines ire.. opposite sides of the body converge, one of the «tream- 
... must stagnate at the point .. Streamlines ha.ing a ..»tai 
pressure greater than that of streamline. BID pass ..mi, 
'while those of 1.sser total pressure are rever.. and recirculated 
in .. ..isa reg.ion. For »tes.. fio.. no mass flow ..id.led to ... 
remove.ï from the base regie.... The streamline, BD, « therefore 
a, boundary tin.. which ..luid particles cannot cross. „IIhe.*.. 
mechanism then,'is that ..: a balance ....«.. ... flow scavenge. 
or entraîne.I, from ... base.regí... and mass flow reversed back, into 
the region by the pressure rise through the recompreasmn zone. 

This concept of the base fio   mechanism was deveu   _ 
j nd     nde ntly by ' Chap man, {I   e fe r e n c e 1,3 ) „ Ko r st (I ; e í « r     15 ) 
and Kirk (reported in Refer..nee ... I".* correctness has bee.a 
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verified lb).several investigator«, e. g,( by Rouse (Reference 18), 
who defected a small recirculating eddy within the base region and 
by Charwat and Yakura (Reference 19)- With this model of the wake 
structure direct calculation of the base pressure and hence, of the 
al 1 - i rnp ortant ang 1 e of «tr e aimlin« s ep arati o n i « p e r mit te cl. 

Referring to Figure 9 it is seen that between point.» B and C 
along the dividing streamline the process is one of viscous mixing 
or air entrainment, Between points B and C the bounding stream¬ 
line is nearly straight and the static pressure in the region is 
virtually constant and equal to bas.ï pressure. Hastings (Reference 
20) has determined, experimentally, that behind both two and three- 
di m e n si o nal b odi e s, th e 81 ati e p r e s a u r e r e rna in s ne a r i y con s t ant 
for about 0. 8 diameter behind the bod).(at Mach number 2.0). 
Between points C and I), however, there must occur a pressure rise 
of sufficient magnitude to destroy the momentum of the entrained 
air. The line CD is therefore cur.red anda series of compression 
waves are set up which coalesce to form, a trailing shock. 

It is possible to calculate the wake separation angle and obtain 
the flow structure by setting the total pressure on the dividing stream¬ 
line equal to the pressure after recompression. The only piece of 
i ni o r mati o n r e qu i r e cl, i s t h, e v el o e i t y a 1 o mg t he div i di ng s t r e a m li, n e. 
This velocity, or better the ratio of this velocity to that of the local 
external flo.. u*., depends solely on the process of viscous mixing. 
The classical problem of mixing of parallel stream,.« provides the 
needed info rmation. Napolitano (Reference 21) has shown that; uni- 
pla ma r mixing p r o hi em s, wi th the u s ual b ounda. r y la ye r typ e a s & ump - 
tions, can be reduced to solution of the familiar Blasius boundary. 
layer equation (with unfamiliar boundary conditions). If, at the 
beginning of mixing, the velocity distribution is uniform, no refer¬ 
ence dimension appears and there is no Reynolds number effect. 
The solutions are members of a one parameter family and can be 
obtained by numerical solution of the Blasius equation or by coeffi. 
c i e nt d e te r m i n at i o n in a s s u m e d p o 1 ynom ia 1 s ol ut i o n s t o t h e i nt e g r at e d. 
equations. For compressilble mixing the usual Stewartson-IUingsworth 
transformation (see ft;.. example Referen.ee 22) can be used to define 
an equ ivai e nt inc o mpr e a ai bl e p r obi e m. for i s o e ne r g e tic s tr ea mn s. In 
the case of turbulent mixing, either the Prandtl momentum transport 
theory or the Taylor vorticity transfer theory (References 23, 24, 
and 25) can be employed to convert the turbulent equations to laminar. 
like fo r ni s. Thou g h th e or ati cal. ly uns o und, eí the r th e or y ha s be e n 
fairly successful in correlating experimental data. « 
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The preBence of a. non,uniform velocity profile at the beginning 
of mixing introduces a reference dimension and thus destroys the 
one parameter similarity of the mixing ¡solution«. A method of 
solution for these cases wait given by Goldstein, (Reference 26). A 
numerical calculation is required for each case to be analysed. 

The solution,a for mero boundary-layer thickness may be thought 
of as applicable to «Bes where the ratio of bo andar y-layer thickness 
to base height is small, or for a given body to flow at very high 
Reynolds numbers. Chapman and Korst have utilised such solutions 
to provide the dividing streamline velocity and thus to deduce the 
base pressure« (and hence the wake separation angle). Very satis¬ 
factory correlation with appropriate experimental data has been, 
obtained, for both laminar and turbulent flow, further substantiating 
the correctness of the assume.. model. 

Se v e r al emp i r i c »1 m     s o f a c c ou, nti ng fo r f i ni t e b a s e bo un,da r y  
layer thickness have been proposed. In his original correlation, 
Chapman used the ratio of boundary.layer thickness to base height. 
Fuller and Reid (Reference 17} obtain a linear correlation of their 
data with the ratio of boundary-layer momentum thickness to base 
height (for turbulent boundary layers). In the laminar region, 
Char wat and Yakura (Reference 19) obtain the most satis facto ry 
correlation with the boundary.layer thickness proper. The limited 
available data suggest no ..reference for any ..£ these correlation 
methods, and their utility is academic. 

The manner in which the wake mechanism in the base region 
is affected by configurational and flow parameters is discussed in 
the following subdivisions of this section. 

( 1 ) T h r e e - Di m e n s io nal JE fie c t; s 

For three.dimensional flow about an antisymmetric body, 
a meridian section of the base flow is identical to a section of 
the two-dimensional flow.shown in Figure 9 . The conceptual 
model used for the two.dimensional case can be immediately 
applied to the three-dimensional case. In view of the axial 
symmetry, for a meridian section, the dividing streamline, 
r e c o mp r « s s io n z on e a nd s t a g na t i o n p o int a r e £ o r m al, 1 y th e 
same in two and three dimensions. In, fact, the base pressure 
and the flow separation angle can still be calculated by the 



aarne simple technique» Le., equating the total pressure of 
the dividing streamline to the recompression pressure. 

Two.dimensional and axisymmetric flows differ in their 
external flow field« (except for changes in. u*, the ratio of the 
dividing streamline velocity to the external flow velocity, which 
will be discussed later]. The differences are a consequence of 
the lack of a simple relationship k.tween deflection angle and 
Mach number for three.dimensional flow aïs «dits (I.randtl- 
Meyer function) for two.dimensional flow. Flow along a 
constant pressure converging section must be curved; flow 
along a conical section must have pressure variation. Photo¬ 
graphs of the axisymmetric wake show that the boundaries are 
nearly conical. Recompression along the converging wake is 
thus expected, and experimental data (Reference 16) verify 
that it exii sit s. Th e re eomp   a aion p r e *   ur e for axi »ymmetr 
flow can, in fact, rise above the free-stream value before 
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returning to that value.. 

Now the expansion at the corner of the base is locally 
two-dit.. as is the recompre..non at the critical 
region if this region ... small. Thus, the methods and data 
used to calculate the two.dimensional wake are directly 
applicable to the axi symmetric case if the .Mach number ahead, 
of the critical region is known, Since this Mach number is 
dependent upon wake angle, an iteration solution becomes 
neceas;.. To circumvent this, difficulty, which involves 
successive solutions by the method of characteristics, Love 
(Reference 16) lias suggested, a correlation, of wake conver¬ 
ge nee angle with the effective two.dimensional angle as 
calculated, from base pressure data. In the range Mach ,1.0 
to 4.0 (where data exist), Love obtains good correlation (for 
turbulent, boundary .layers] using the relationship 

0 " ^ 5 (8 ) axj g ym m e i r i c * (0 ) t w o di m e n s i o nal 

where (8)tw0.dimensional   calculated from the Piran    
Meyer relationship and measured base pressure. The values 
of wake angle so obtained are plotted in Figure 10. It should 
be noted that this correlation does not imply a fundamental. 



difference between the two-dimensional and axisymmetric 
wake models, lather it; is a method of accounting, empirically, 
for the recompression and conical flow area variation along the 
converging region. 

Since recompression occurs along the wake boundary 
behind an axisymmetric body, It is apparent that In order to 
realise the same value of Mach number ahead of the critical 
region in axisymmetric and two.dimensional flow (for Identical 
wake convergence angles) the Mach number ahead of the base 
must be higher for the body of revolution. Because of the 
nonlinear character of the Prandtl.Meyer function the two. 
dimensional wake angle first increases with Mach number, 
reaches a. maximum at a low supersonic Mach number and 
then decreases. 

The manner in which the dividing streamline velocity 
(ratio), u*, of the axisymmetric case differs from, that; of the 
two-dimensional flow has been examined. Recognising that 
in the case.where the radius from the body axis to the mixing 
layer is large compared to the mixing layer thickness, the 
mathematical formulation of the mixing problem is similar to 
that for boundary.layer flow over a body of revolution. By 
analogy, tfaerefore, the Mangle r trausformatron is employed 
and flu, e f o How ing r e s u 11 s e s ta bl ï. s h ed : 

(1) The dividing streamline u* is unchanged from 
that of the ..wo.dimensional case. 

(Z) The insensitivity of u* to Mach number change 
suggests that the effect of the axisymmetric recom¬ 
pre Bsion pres sure gradient ie small. The difficulty 
of obtaining a solution for the problem of mixing in an 
adverse pressure gradient (.Reference 27) dictates the 
employme nt of s u.ch an exp edient a s surnptkm. 

(3) The trams.verse (induced) .velocity is higher in 
the axisymmetric case than in the two.dimensional 
ca, s e. 

(2) Effect of Forebody Shape 

The unique functional relationship between Mach number 
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and streamline angle that exists for two-dimensional flow 
eliminates the effect of forebody shape (apart from all boundary- 
layer effects). That is, the Mach number ahead of the critical 
region, which is the determining factor for the wake structure, 
is unaffected whether the expansion takes place in one or 
several steps. However, in axisymmetric flow, no such 
simple function exists. 

Fortunately, successful correlation of the wake structure 
on a wide variety of body shapes can be achieved by referencing 
the wake characteristics to a reference Mach number and pres¬ 
sure in the region of the base. Various investigators have pro¬ 
posed various reference points, such as on the body surface 
jiust upstream of the base or on a hypothetical cylindrical ex¬ 
tension of the body beyond the base. For cylindrical afterbodies 
there is little difference between the methods3 cones without 
afterbodies seem to be best treated as the limit of a cone- 
cylinder rather than as an example of a diverging afterbody. 

(3) Boundary- Layer Effects 

In the foregoing discussion the boundary layer and wake 
flow have been considered as either completely laminar or 
completely.turbulent. However, the complete history of the 
boundary layer and the location of boundary layer or wake 
transition has a marked effect on the wake structure. This 
fact is the single feature that so drastically complicates 
determination of the structure of the wake. For example, 
lack of knowledge of the transition location is the factor 
mainly respe.nsi ble for the quantitative failings of the Crocco- 
Lees theory. In addition, the growth and state of the boundary 
layer is dependent, in same imperfectly known manner, on. a 
combination of effects of flow.history, pressure gradients, 
s ur fa c e r 0 ug hne s s, he at t ra n sfe r hi s10 ry a nd shockwa v e 
i nt e r a et ion a s w e 11 a s th e u s ua 1 M a c: h n u mb e r a nd R e yno Id s 
number effects. 

T h e C r 0 c c 0 L e e e t h e 0 r y p r 0 vi d e d t h e f í r a t i tidi c a tio n 0 £ 
the dependence of base pr assure upon the Reynolds number 
th r     ghaut t h e r ang     f p r a c tic a 1 i nt e r e at. Expe ri mental data 
throughout the Reynolds number range exist only for a I.lach 
number near 2.9 and are due to the coordinated research of 
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* • • Bogdonoff (.Reference 28) and Kavan&u (References 29 and 30), 
A summary of these data, Is given in Figure li (after Has.tings, 
Reference 20), Figure 12 (after Hastings) and Van Hise (Ref¬ 
erence 31) shows a similar plot for variou* Mach numbers in 

# the practical Reynold® number range, i, e., around 10® to 10^ 
based on total length of boundary-layer run. The Mach number 
shown in this figure are true base Mach numbers except for the 
curves labeled In these casen» characteristic solutions 
axe not available for del«..ruination of the true Mach, numbers 
at the ... Except for the data of Van Hise (labeled M® «2,0 
and, Mfljj » 2,,62) which, as he noted in. Reference 31, appear 
shifted to higher Reynolds...re, a reasonable amount of 
correlation, is seen to exist. The wake angle can be obtained 
from, ..base pressures by using the linear relationship of 
Love above or by an exact; characteristics calculation for each, 
case. 

Referring to Figure 11, the qualitative behavior of base 
pressure (and hence wake angle) can I.. physically ..lained 
by the: wake ..nodal described in subsection IV.A. La. Becau.. 

i of its fuller ..locity profile and consequent higher kinetic 
energy, the turbulent boundary-la.].er flou.. has a. greater 
... for negotiating a pressure gradient than does the 
laminar. Therefore, a greater portion of a laminar flc.. will 

t be reversed by a given pressure gradient; the ï.ase region, is 
larger, and the expansion around the base corner is less in 
order that balance be maintained between mass reversed and 
maisia scavenged. The lesser expansion serves to increase 
the ba » e p r e sjs ur e „ Inc re a s e of R e ynold is num be r ha. s two 
..posing effects. The boundary layer is thinned, reducing 
the quantity of low energy fluid and tending to increase the 
expansion and reduce the base pressure; the rate of ..jundary. 
layer ... ... rate of mi:.ting ..decreased, tending to de. ' 
créai.. the ri.it.of scavenging, decrease the expansion angle 
and, inc r e a s e th e ba s e p r e s s u r e. 

Starting at loi.. Reynolds numbers, then, the decrease 
in. mixing predominates ..!.. the thinning of the ..;..... 
layer causing an in,ere,   in. base   res sur«         .sing 
.Reynolds number (Region AB of Figure 11) As the   ynolds 
numb.er increases, transition moves ion.Kurd in the wake. 
W h e n t r an s i t i on ha s mo v e d i, n to tin e c r i t i c al. r e c omp r e s a 1 o n 

f 
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region, it caunei» increased mixing and a fuller velocity 
profile In thin all-important region. The revenad m&ec 1* 
thus decreased; for equilibrium, the scavenged on,«» must 
ad so decrease. Therefore, the wait:« expansion a,agile must 
increase and the base pressure is lowered. 

It should be noted that the point of maximum bane 
pressure, C, does not necessarily correspond exactly to 
the point where transition reaches the critical region. First, 
transition does not occur at a sharply defined, steady point; 
rather, it extends over a finite distance. Secondly, there 
are indications (Reference 20) that the ma».. can be 
reached, because of the increasing effect of boundary.layer 
thinning, before transition reaches the critical region. In 
any case, the sharp decrease in base pressure (C to D) la 
due to the effect of transition reaching the critical recom¬ 
pre asion region. 

As the Reynolds number is further increased, transition 
cr eeps along toward the base. The mixing action in the wake 
is increased, the scavenged mass is increased, a ml the wake 
exp ansi on a ng le inc r e& s e s f ur th e r (ba s e p r e s s « r e de c r e a s a » ). 
At or near point I), the transition point reach«!.» the base of 
the be.rly. Between points D and E, the transition point moves 
forward on the body. The turbulent mixing in the wake is 
only slightly affected but the boundary layer at the ban.. is 
..thickened. Thus, a minimum in base pressure 
occurs at D folio’s.. by.a..rise from D to Ë, At point E the 
transition point is far upstream, near the be.dy nose. The 
boundary layer and wake ....are now fully turbulent and 
point Ë becomes the turbulent analog, of point C for laminar 
flow. 

Beyond point E, the decrease in. thickness predominates 
s i ne e th e miad ng r a t e a s s o d. at e d with th e t u r b ul e nt t r a. n sp o rt 
mechanism is little affected by increasing Reynolds number. 
C on s eq ue ntly, ba se p r e s s u r e de c r ea. a «ï s only s lightly at th © s e 
high Reynolds number.. Various ... la:.. exp re...dons 
have been fitted to data, in that regime, Re.^ giving the 
closest fit (except at large Reynolds numbers, of course, 
since base pressure does tend to a nonzero limit). 



Th.« minimum in tramiMonái 'bafe pr Bui «mire (point DJ 
■«•«n® to »Ult to iow«r Reynold* number* a» tí»« Mich number 
i¡» increased (Figure 12)., Judging from the data at M « 4, IS, 
the ini.aim.um. tendi to die appear altogether at higher Mach, 
number». An in the cam* with boundary-layer tfanaitlon, the 
dial;* for high Mich number* and blunt bodies may tarn, out to 
lie correlated better by 'bailing the Reynolds number on 
Ibottttdary-kyt.. momentum thickness (Reference 32), 

(4) The Recirculation Zone 

It has.If.. been indicated that the region ...a the 
■i''..rating at,re..«ilia«* behind a blunt base, which in frequently 
referred to.. the "dead air"' ... might better b* called 
tin recirculation, «one, The     lance   an scavenged        
and rev«ritd am»n     nr a vortex-like flow (see Figui   9 ) 
consisting of     armed     from   the recompte   region und 
scavenged ....ini.» the railing region. Because of Ihn.boundary 
imp 0 ■ end by the di viding a t ::r « a mline, th e r « c i r c niât! ng ma s 1 

consistí.cif the mm« fluid particles. 

Although such a recirculation has frequently 1.men 
ob 1 li ved, art   s t o m   a » ur e the r e c i r c ulat ion v«l oe it y 
distribution (Reference» 17, 33 and 34) .have ... with little 
»ucees*. Cha;.■vat and ... (Reference 19) ha.. detected 
large aperiodic fluctuations at the edge of the mixing lay...* 
which apparently are impressed on the recirculation flow. 
Although the period? of these waves are long with respect to 
the: mixing layer flow, they are short with respect to the ¡nie.. 
movi:.. ..¡circulation ..».. ..ad they can«« It to break up. The 
time dependen.ee of red,rcdation flow 1» neglected in arriving 
at ... me.I..1 of ....! .... ..* the present study.Attempt» ha.a 
..i.. in.„de to ..luce ... velocities ....» this... 
tic.n» in, ..me pressure a.. the ..ase.Application of th,« 
..:.. ..Hi.. ... data ... 16 ... 35) in.liai,te» 
rever.. flow ..ilocltl.. ;..bout one-fourth to one-third of Ir*.e 
int#.su.’n, 

it: int indicated that variations in basis pressure are 
...nt.. belli n.. an axiiymmetrlc lx...than behind ,11 two- 
dimensional base due, ..idently (References 16 and 19), to 
the great.:...... ... pressure in, the ...... 
recirculation region. 

..If... 9 32, 



ÜtaveriMi flow velociti«» may be estimated from the 
pros sure distJrlbutioxk in the recirculaüon «one. Eeferring 
to Figure 9 , it !• recall««! that the dividing streamline Imu 
â toiat.près;.. just equal to the recompression pressure. 
TI:ii® it«.. just below the dividing streamline then ha» a 
total pressure almost equal to the recompression pressure.. 
It in stagnated near the end of the recompression «eme» point 
D, £11111::91111111 this stagnation point and the base, £1«« is ac» 
cele rated back toward the bas«: by the praseur« difference 
between »ppiroaiirriately the recompre»sion prasmure and the 
base pressure. The flcrw In this stream tub* in capable of 
attaining a relatively high rever»e velocity. 

Since ... high«..velocity reverse flow stream tube must 
11® near the ».«i» cm.center line, the magnitude of the velocity 
is importai.it for small obji.. eje.. la this region, An. 
«»tintate of th« miudmum ..everse velocity may 'be obtained 
..using one-dimensional is entropie flow relations for the 
«tretm, tube recompressed just at the end of the r»compres¬ 
sion «km. lie ill ult li of ... calculations are plotted in Figure 
13. These results '¡ire based upon the re compre* «km pressure 
and ban«' pressure obtained by Love {Reference 16} for the 
tixlsymmet.. ..ae having turbulent boundary laye:rs. (Above 
..3,. the re comp res a ion pressures were a ¡«8 unie d equal to 
the free-stream pressure . nee Figure 14 and section IV. A,» 
2.a. (5).) 

While reverme fio.nr velocities of sinseable magnitude can 
exist at the wake centerline near the beginning' of the recom« 
p r e a *i o n t e g ion, th e a in s o ciat ed clyn.ii, mi c p r e « n u:r e » drop off 
. r y rapidly   inc r ea »ing Mach iiuimlbe r. 

An order of magnitude idea of the mean recirculation, 
..si induced in the mixing ... fluid entrainment region 
ahead of the recompression. none can be, obtained from the 
mi.dug calculation.. use*.it to deter mi.ms u*„ the velocity .along 
the.dividing stream.line, It, has been, mentioned that the mixing 
problem can be put in the form of the laminar incompressible 
ca s «, Unde :.* the us uni boundar y- laye :r a ■ sumption ■ (co nBtint 
pressure,   a,gî,tu,dînai i a   much, le«« than, transverse 
variations) the governing ....dimensional equations (Refer¬ 
ence 21) mii)r be put into the form of the familiar Blasius 



* fliquftliott tox t flat plftt« bound».!*y layer with appropriât« 
Ibouiadary coeditioiin. The #40,1:11011 ha» b**tt num uric illy 
•fliv*4 by loverai inv«aligátor» (»«« loíiraac«» 15, 21, 11, 
«»id 36} uaing 0:1:(:1:1611 1. »«irliiia or iutiigral approach, Th« 

» ru »ult o£pr«*ent interoft 1» tk« induc «d volocity at th« idg i 
of tli* mixing «m», Napolitano1» »«lutta» (Rafaronc« 21), e. g., 
inditett«« that th« induced v«locity il inv«r»ely proportional to 
th,« squaro root of th« leynolcl* numhar bt««d 0» length of th« 
mixing region. In laminar camp mi«libit or incomprtiaihl« 
flow, far practical Reynold» number», th® Induced valodti«« 
ar® i*i» Uian on« percent of free stream, ..nxperi» 
... (l«f»r«nce» 29 and 30) bear out thi« Reynold« number 
d«p«n,dt:Bice, 

Prandtl'i ref.. of the character of the wddy 
viipcaiity (Reference 37) lead» to the r«i'ult that th« iaduetd 
..aloclty in inversely prapórtional to a Mach mimbar-depi.. 
... deter mi nmble »cale factor (an ..ad to tli« 
Reynolds number.dependency of the laminar cane). On the 
basin of experimental value» of th* scale factor in thu nut. 

. nonic and supersonic range«, (Referenc«« 19, 33 and 39), 
induced velocítieii» in the turbulent case art of the order ... 
percent to four percent of the external flow velocity. 

.. In the axinymmetric cm me induced velocities are some¬ 
what greater than those in the two.dlmensional case, Near 
the baae, however, the difference is nagllf ibie.. 

It ll,» thuii documented that the mixing induced mean re¬ 
circulation ... in the constant pressure region just 
behind the ban.. a.re small compared to the external ... 
velocities, However, for local region» (in particular, near 
the body cent er line at the upstream edge of the recompresssion 
cone) the reverse, flow velocities can be quite large, although 
the associated dynamic pressure falls olí rapidly.. Mach 
number. 

An, as yet unproved model of the wake core reverse flow 
•tructure has, been formulated and 1« included her*, par ein,» 
th eti cal l y, » ubj e c t to exp e ri me ntal ve :r if :l c ation, 

The variation in static ..usure, along the wake core in 
.. predicted on the bas is of the following data: 
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(1) hm« 16) ha* o1>»«rv«d„ at Mtclh mimb*:fi 
1„ 62, 1, 93 má 2. 41, that tlw «iatlc preasure along tk« 
wiki cor« i» «Ith« con «tant at the value of bate prwaur« 
0lf decr««i   slightly for a diaittncis aft oí the ba»* of 0, 5 
caliber. Data at Mach 1. 33 (Reference 40) confirm ttó» 
circumjtanc«. Apparently there ii no Mach number 
«fitei. 

(2) The maximum 11114:01111)1111811:1.0111 pr«saur« coefficient 
for turbulent boundary lay*.. occurs, according to the 
data ... Howarth (Ref«.. 40) and Heinrich (»«ferenc« 
41), at a ... of 0.25 caliber aft of the wake throat, 
..id«.tttly of Mach number. The location of the 
wak« thro.it ha« ..sen ... by Love (Reference 16) .. 
a function of Mach number. 

(3) Love ha.établi shed a trend oí maximum «    
p r e in si. 0 n p r e 0 *u r e co * fill c i « nt, C p rnBi ^, 'wi th Mac h 
numb.ir, M, which - fit!;«.. to the data contained in. 
Howarth (Reference.10) . 1« ... a. 

0. 335 

(M + 0. 35) XIZ 
Cp * e rmax 

( 4) z e r 0 p r e » it u r e c 0   i « nt oc c ur e ( R e f e r « ne «s a 41 
and 42) midway between the baue and this point of maxi¬ 
mum recompre at® ion pressure coefficient. 

The data contained in Howarth »uggeit that the static 
..... ..i.... ... the wake cor.. between the point# of 
mialrnum, and. maximum i»:re¡insure coefficient ha.« the forna 

Cp ... 
Xfl/d + A 

B ... + C (uto/d) + D 

where (x0/d) i* the distance, measured in calibers, aft.. the 



ptiint oí mlMmum co«íllci«nt, i.-«-, lit oí th# ct*tkm 
at 0- 5 cálíb**1 „ Th# co»«tanta aippwafing'. in. tlilii .«quation .a*# 
«valuatcd hy u«4«g là« dut» of (1), (2) and fl), and f.4| êhmrêï 
Th» «quâtioo 1« mâiiiaiiid (by dlfï«ftutlMiôg; with wap «et to 
(%/d) «al «ittlng tl.« :rii«ult «quai to xirrO') in rmvirt« tlim 
Îourfh tf#littoi#Mp for co**fflciMit dmtirmiMttoia and, Â«,r*byf 
to coiutraia th« maidinum to occur at flu« «atparim«n.tally ob* 
in«rv«i location (2). Th« »»lui pranaur« variation »o ..- 
minad «.. th« buoyancy efíoct on a. body fMlding ia 
th «i r «circulation irtgion. 

Data du« to .Eiílel, contained in Hoerner fRelarenc« 43), 
provld« th* best availabi# iniight into th.,* variation of ri.varie 
dynamic ..ni.ï«uro lu. the ... region, Th# variation 
«ttggiftttd by th ni ® t   ta la iinu«oidal,      rnnximuim rovorn# 
.dynamic ..ni.mro occuring.if; t ..oint 56 percent of the dia tance, 
:!Cjj;, ..a the base and the walM throat. In terms of the 
ma*i mu in t • v « r » « d yna «ii c p : »   » u r e „ ( qw) raai(, a and, th* di « - 
tance» ..lured, in callibirs from, the bine), jq/d ... at^/d, 
of the modal point», this variation an a function of the die tance 
from the ha*«, x/d, i* given by 

«Iw ... - ilw)max *in 
(x/d).-.xjd. 

* (xt/d - (xi/d) 

Maximum rever»® dynamic ..iure is calculât.. by menu« 
of the incompre»adble Bernoulli.quation., ..applied between 
th* wake throat stagnation point and. the position of maximum 
r ev e r « e dynami c pr a » au r «. T he equati o n fo r p re « « ur e    

efficient, Cp *.Cp (x0/d), provides the values of pressure 
required for this calculation. Velocitj.and cien sit y are ob. 
tallied with the energy equation and th.perfect gas, say, 
equation of state under the as.uimption that total temperature 
I » eve r ywhe r e e q ual to fr e     sam total      ntur e, 

From the above parenthetical repreBentatlon of the re¬ 
circulation region, an estimate oí the two factor a (reverse 
£1 ow a nui ho ri a ontal buoya ne y) wh ici h hin,d e r th, « a epa r at. 1 o n 
of a capsule from the base of a vehicle can be appraised. 
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Cottftidering the two factor» separately, it seems to be that the 

reverse flow contribution I» most detrimental, it low Mach 
numbers and diminishes rapidly as Mach number is increased; 
the horicontal buoyancy term is most critical when the base 
pressure is near »ero and the recompreasion pressure is 
msudmum. Both terms, however, become aignificant only 
when the integrated for ce-time (changé in momentum) curve 
exceeds the probable error (factor of safety of the separation 
device) in the impulse required for.separation due to carrier 
vehicle deceleration. 

It in reiterated that foe consideration» of this saction 
apply only to steady flow or (by ..umption) to the time mean 
average of unsteady flow. Actually, all. tests which have 
attempted to define the characteristics of the recirculation 
soné have found it to be intermittent and irregular (Reference« 
19 and 34). I     respect to the atoove procedur e for   aluating 
the effects of horisontal buoyancy and reverse lie.. t. furfo.er 
detailed discussion and results of computation# are contained 
in the work of Broderick and. Turner (Reference 14). 

Some features of the high Mach, number wake are promi. 
... high Mach numbers three.dimensional effects are 
minimi*ed and the external flow is given, closely by the Prandtl- 
Meyer function. In order to verify this point a. solution of the 
flow field, about a conical, afterbody (for M. « 4. 95) using the 
method     characteristic a was obtained. Only slight variations 
.were detected, ...m the constant property solution associated 
with a Prandtl-Meyer expansion at the base corner. Thus, 
the r e c o mp r e » si o n p r e s s ur e g r a d i e nut al. o ng ffa e e o nv e r gi ng 
.. Is at a minimum at high Mach numb.era. Also, the 
pressure overshoot (to above free stream) found for low 
s u p e r so mi c Ma c h n u m b e r f 1 ow a l,o ng a c c» nv e r g ing r e gi o n 
vi rtuall y di, sapp e a, r s at high e r Ma c h numbe r s. T o ill,us t :r at e 
foi», the data obtained by Lot.. (Reference .16) in the recir- 
c uila, tí on r e gi on belli nd a c ylindr i c », 1 s e mi bo dy of r evol ution 
are plotted, in. Figure 14 along with, the correlated base pre». 
■ure coefficients from the same report. When these curves 
coincide (at approximately Mach, 3,. 0), the recompreasion 
p r e s s u r e e q uta 1 s th e f r e e § I; r e„a m p r e » • u r e. B e c: a, u s e of th e 
le » » e r r e c o mp r e s ai o n a n. d ( mo a tly ) b e c a u § e of t h e r e d u c tío n 
in dynamic pressure (Figure 13) the importance of the 
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% recirculation, irr reverwed flow velocities is mini mi zed at higl: 
Mach, num.be?,»» 

Tins effect » on wake structure of the change» in, state 
# (diisociatlon, ionization, formation of new specie«)1 associated 

with real gas flow« at high enthalpy level® appear,, tentatively, 
to be negligible. Liepmann'e (Reference 6) shock tube ex¬ 
periments provide preliminary evidence for this statement. 
,At high Mach     or low Reynolds .uam'beru the inherent 
stability of the flow would be expected to minimize the un¬ 
steadiness of the recirculation, flow. 

{5) Hyper sonic and, Transonic Effects 

.A hypersonic body must necessarily have a blunt leading 
ed,g<.: or nose in ... to withstand the heating a.. with 
high Mach number flight, A strong bow shock, wave is produced 
a,t the nose of such bodies, causing large entropy increases and, 
total pressure los.... for streamlines pas.sing through the shock 
wave. The associated energy dissipation takes the form of 

», te nip e r atur e r i s e ; h e ne e, th o s e s t r eamil ne tt whi c h p a s » th r o u, g,h, 
the bow shock do not recover the losses. Since the streamline » 
important for wake flow are those clos.. to the body surface, it 
is apparent that the flow just upstream of the base will have a 

,f ...ï total, pressure than the external flow far from the body. 
Thu.. even for bodies long enough that the static pressure 
ahead of the base is equal, to the free-stream pressure, the 
associated Mach numbers.vill be less than free stream. 

A, remarkable feature ol high, Mach number flow is its 
inherent stability. Thus, the wake pattern would, be expected 
to be most: sharply defined at high Mach numbers, the re¬ 
circulation pattern ... 1:.. at its steadiest. On the ... 
hand, low I.fetch number flows exhibit a. minimum of steadiness. 
Fluctuations in the ..ike pattern and in, the recirculatio.. pattern 
... ,:»e quite prevalent for these flows. Furthermore, the re¬ 
el re ulat ion ve lot: iti e s a re of mor e i mpo r tanc e b e c au. s e of th ... r 
highe r dynamic pre s sur e. 

However, in a time averaged sense, the previously dis- 
.... model of the wake is still applicable to transonic (or 
. wer speed) flows. Both Chapman and Ko rat (Refe renees 13 

ti. 
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luid 15) correlate appropriate data, through, the transonic 
regime. In fact, by taking the limit of Chapman's expres¬ 
sion for base pressure a§ he obtain« supritingly 
good correlation of incompressible data, The difficulty 
with subsonic flows is that no simple function like the 
P'randtl-Meyer function relates streamline deflection to 
pressure. Instead, a potential flow problem must be 
solved for the external flow in.ia.. case, and this solution 
in* highly dependent on the assumed boundaries of the vis. 
cou» region. The "recompression" pressure in thus 
difficult to obtain. 

1:>. The Spreading Downstream Waft.. 

The spreading wake downstream of the throat or critical 
region is less well ... til:.... ..the ... wake ahead of 
illlie throat. The latte.. region is of greater interest since it 
determines the base pressure and hence, in part, vehicle per- 
J:'o rto, anc e „ (,! on.s e qu e nt 1 y r e s e a rch ha. s b e en fo c u s e d tip oit th, e 
ha.a region; that ..hi eh is kriöwn at.out the downstream, wake 
mfiy, for the most part, be attributed to Prandtl and hi..is... 
dates. 

f.tactically, only turbulent flow in the downstream wake 
needisi to be considered since the downstream laminar wake be¬ 
comes unsteady or turbulent at very low Reynolds numbers. 
Solutions of the momentum equation for distances far away 
firom the body {where th.. velocity defect is small compared to 
the ft*«...st r earn, ' vel o city) re s ult in a a ymptotic velocity ... file a 
all similar to a single "universal" velocity ... Further, 
dimensional analysis {Schlichting, Reference ..tpecifie.a 
velocity detect, U, and wake width (radius), rn, as functions of 
downstream coo.rdinate, x, as 

^max. axial.... x.^ 

r0 u'i x. 1 "P 

.where p has the ..alue, 2/3, for axisymmetric flow and. 1/2 for 



two-dimensional How. Two empirically determinad constants Ate 
available for correlating experimental data. One is the constant 
of proportionality, K, (known if the viscosity is known),; the other 
is the'origin ... the x; ... 

By applying Prandtl's mixing length theory for turbulent 
momentum transfer and assuming the mixing length to be constant 
across the width of the ... and proportion.. to the width, there 
results ... following exp re a sion. for velocity (defect) transverse 
distribution in the axisymmetric case ; 

U 
U max 

"i* 

(--) 
■f* i a 

3/ 2 

..iternatively, if it is assumed that the eddy viscosity is 
constant acros.the wake, the simplified turbulent momentum 
equation is ..ntic&l with the lamí.mai: and there results a velocity 
distribuí ion   en. by the er ror fu tction.Such a Ci   aiiymp-^ 
totic ....a city distribution is common to mi:.ing problems gov.rued 
by the boundary-layer type of equations, since these equations are: 
of the.¡illusion type. The G.... velocity distribution ..ills 
..ral eatheti.. deficiencia.. ... the velocity distribution given by 
the ..it.i.... equation, namely the discontinuities in. curvature at the 
edges   the       aw   on     ike centerline.Also, the constant 
eddy viscosity as bumption avoids the difficulty inherent in the 
mixing     theory that the   id) viscosity   mi   a on the wake 
center]!.me ..re actually it is a mammurn). 

He     r, either di stribution mat che n exp a rim entai data very 
well. The above equation has the advantage (because it ..lis for a 
. di.: ike width) that it can.    readily integrated to   aven   
.             ral te without requiring «ï:   it     dge of 
the wake ..idth. With it the aver... velocity defect in the ..a,. 
metric case has been computed an 0. 251', 

The average velocity defect to which a. body ejected, along the 
..ike ......re is .object can, be computed by apply.'ing limits of integra.. 
tion a,pp rop ri at e to th, e bo dy » i a e, 
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These equation« apply to incompressible flow. However, 
since two constants are capable of individual determination, there 
seems to be little point in attempting a comp res tibie solution. The 
available constants provide sufficient freedom to enable fitting of 
the very limited data, that are available. 

A second approximation to the wake width and velocity dis¬ 
tribution« hae "been obtained by Swain (Reference 45) by using the 
above expressions as the first 'term, in a series. This second 
approximation results in a ..width larger than that given by 
the first approximation in region» near to the wake producing body. 
However, the second approximation for velocity distribution indudes 
still, another empirical constant to be obtained from experimental 
data. In view of the lack of such data, and because of the basic un¬ 
soundness of the asymptotic methods for regions near the body., 
this second approximation is not used here, 

.Although the simple analysis just described. Is useful in that 
it provide« an Indication of the sort of wake behavior to be expected, 
a om e si e r io u s de f i ci e ne i e a s ho ul d b e p oi nt ed o u t. C a r e in, 1 me a s u r e - 
ment by.Townsend (Reference 25) have shown that the.. velocity 
profiles are not truly similar until very large distances distances 
downstream of the wake producing body. However, by assuming 
different origins for the x-coordinate for different regions of the 
downstream flow, similarity is closely obtained over limited 
regions. 

.Mm, observations of the turbulent wake indicate that the 
gro.. of the wake, or the lateral transfer of momentum, is due 
primarily to large, intermittent jet-like puffs of fluid extending 
out from the wake axis. These puffs of fluid appear at a given 
..oint in the flow in a random fashion. However, more nearly 
uniform small scale eddies which lie in various directions carry 
most of the turbulent energy and are responsible for most of the 
apparent viscosity.. or eddy viscosity. 

Considering, in particular, the large eddies or puffs of fluid, 
the flow at a given point in the wake is intermittently turbulent. 
T own s e nd ha s m e a s u r ed int e r mi tt e ne y fa e t o r s an d f o u nd th e m to 
fall off from unity (continuous) at the center of the wake to aero 
at the edges. 
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The momentum transfer theory need to obtain exp ree« on. for 
wake epreadina and wake velocity ignore» thU mtermittency. Also, 
it a.Burne» the aame mechaniem or length »cale for effective vie- 
coeity and for wake epreading, Ignoring the difference between the 

large and small scales of eddies. 

In »pite ofth.ee defect., the velocity di.tribution. derived 
from Prandtl'e momentum tran»fer theories agree closely with the 
experimental data and hence are tiuite useful here. The result» 
for wake epreading provide the form of the relationship to be lit 
with experimentally determined constants. 

c. Rep re s entation of W ake Structure 

The preceding discussion lias shown, that the wake ..a 
for a given body depends upon a number of factors, e. g. » the Mach 
number, Reynold.lumber, a description of the boundary lay.. at 
the ... ... the body, and a description of the la.cation of trail.it ion, 
if it occur. in «he.rake. ..* effects of various be.dies arena.mi. . 
....ï in all of these.parameters. The practical bounds oí the present 
study.require that the description of wake structure be a...imple as 
it is consistent with ....! attain««.at of reasonable accuracy. ^ rhese 
simplifications and restrictions which have been adopted.... brie;.iy 

..i("ii a sed. 

Because of their more frequent practical occurrence, turbulent 
boundary layers are assumed. Necessarily, the downstream wake L 
also considered as turbulent. Again, because of their more frequent 
practical occurence, axisymmetric bodies of revolution aligned with 

the wind are con.idered. 

Thus, the values of ../ake convergence angle given in Figure 10 
are...id to define the ... of the converging ..ake region. Since 
the 1.. ..II: tfa.. regi.. are assumed, to be coni.. the converg¬ 
ir!« i.»«ion i» completely defined once the width of the viscous .'egion 
after ... is known. This width (labeled tw in Figur.! « ) ... 
nio st readily obi.fine.. from examination of wake photogr.., on 
which ..wake.. at this point is usually defined quito «karply. 
.-ha;.man (Refer.:.nee 12) value» of wake tlxt.ikne.ï so obtained, given 

in. Figure 15, are used in the present program. 

Since the ....er function has be*.. demo.. to 
give aji...approximation to a more exact characteristics ... 

... 



lor the flow past a conical afterbody at the Mach numbers of primary 
interest in the present study the external flow properties 
along the conical boundary irre considered to be constant and equal, 
to those given by a Prandtl-Meyer expansion to the base pressure. 
Thu»,, the pressure in the recirculation region Is a.Iso considerad, 
constant and, equal to the base pressure, and the recirculation, 
velocities and static pressure gradient» which actually eidr!; in the 
"elisia,cl air1'1 region are neglected.In the interest ol simplicity » the 
external flow along the conical converging section is a.¡untied to 
have its properties vary linearly with a.igle hack to those absocí.»ted 
with the £ree-»tream direction, (undeflected extension of the cylin¬ 

drical body). 

To calculate the properties of the downstream wake, the 
values of wake ... at the wake throat given, in Figur«. . ..re ^ 
used. This value of wake thi.. la kept cons'.ant ..ident of 
distance back of the wake throat since at supersonic Mach number s 
the do.. wake divergence angle Is cut the order ol, ... degrees 

or le s s. 

The data contained in Howarth (Reference 40) for a body of 
..solution a.it M » 1. 33 were used a» a basis to ..termine the 
empiric!.,1, constants for the wake.centerline variation, Vw, .,,, 
using the 2/3 power ... for the variation in centerline v el deity in 
the axlsymmetric subsonic case as discussed in section IV. A. 2. b. 
The resulting expression for the axial wake centerline velocity I* 

0., 684- 

{%/ D x.a/D) 
,11273 

where 

xa/D » xt/D {0. 684) 
3/2 

lili 

u max ) and 

* 
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Á® cií»eu»»e<l in section IV. A. a. a. {4}., the static pressure 
variation in the wake at high Ma.. numbers in small, justifying 
the approximation of constant static pressure equal to free stream 
static for ... downstream wake. Uilng this approximation for the 
static pressure within the wake coupled with the.velocity variation 
described above and further assuming that the wake total tempera¬ 
ture is equal to that of free ..ream the.rake ..titerline density, 
Mach numb.er, and dynamic pressure can be computed. The 
results are shown in Figures 16 and 17. The wake properties 
for radial distances (r) other than the centerline values were 
obtal ne d by u sing th e fo 1.1,O'..rig exp r e s s in n : 

where I„Jnaia:|t is the centerline ..si «»city defect evaluated from the 
above equations. 

i 
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®” Chijacteylaticg. 

From an intinity of geometrical type» it becomes n.ce.aary, 

n™b.r. fbt mD.. ry;' i.Idlic n.»™-., Th= 

ÄrtÄr"r.«Ä^ E.fcr.^ «)• Í.-«. .mpomnt 

rr. t whicb the asynlnrietrlc .hope . put to 
ability of an asymmetric ,,bap. to produce - /“V, beneficial in the 
use to assist in the aeparation procedure and- of cou«e i 

rp«::!::; of .^btrid 0.,,.,,1..,,, *. 

p r e s © Bt; g <9 tus * ft li ®® d 81 udy, 

Reatricting con.ideration to the symmetric cap.ule neverthele.a permit. 

the inä^o» «i; I»rg. U».lr 
figuration, may be to Table V, are illustrated schematically 
as low, moderate, or high g 1 representative capsule types, and 

ZrT^ZlTa:\lt m^au in thiin report. According to their 
Irb chlract^llTca, these configurations group in the following manner: 

(l) High drag 

(a) Cylinder 

(b) Spool 

(2) Moderate drag 

{a} Sphere 

... Disk 

(3) 1.. drag 

(a) Hemisphere - cone 

0,) Hemisphere - cone - flared cylinder (designated as 

"flared capsule"). 
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Certain exit«.ria may immediately be applied against these candidate afaapea so 
as to reduce the number vuich must be considered in detail here. 

On the basis of packaging efficiency, i. e., the packaging of the capsule 
onboard the carrier vehicle, the above capsules qualify approximately as 
follows. The cylinder and, to a somewhat lesser degree, the «pool have ex¬ 
cellent packaging; characteristics and are adaptable either to side or to base 
ejection. The flared shape in reasonably adaptable to internal packaging such 
as to permit either side or base ejection and is further an appropriate vehicle 
nose configuration. Similarly, the hemisphere-cone is suitable as a vehicle 
nose and can be internally packaged. Less satisfactory aa a vehicle nose due 
to its high ..... ..the disk shape, and its inte.nial packaging: efficiency, along 
with that of the.sphere, is poor. 

A further objection to the sphere, lie« in. its neutral orientation stability 
(with its center of gravity at the cent.old); the dink shape has. er:.ratic dynamic 
isi ta'b il ity chi r ac 1: er 1 ntic s. The unfa vo rabie stall) ility cha ra ct er i ¡b tí c « of th e sph e r e 
and disk, along.with their poor packaging efficiencies, relegate them, to a poní. 
tlon of secondary importance as capeule configuration«. Their detailed con- 
aide:.. ... the prese.. study is therefore minimi*ed. 

The aerodynamic characteristics (normal and axial force coefficients, 
center of pressure location, static and dynamic stability) of the capsule con¬ 
figurations: of prime importance are considered in. the following two subdivisions 
of this uectic.1::1. These subdivisions consider, respectively, free flight charac. 
teristies and interference effects. Salient free flight characteristics are 
summarized in Table V¡¡ which includes for purposes of comparison the aero. 
dynamics of the sphere and disk configurations. 

1. Cap su 1 e Fr e e Fl ight A e r odynam ic Char ac t e ri s tí c s 

Evaluation, of capsule shapes on the basis of their aerodynamic 
characteristics is most: conveniently made independent of the effects of 
proximity to the carrier vehicle. The latter effects are treated as in¬ 
cremental to the free flight force and moment system and are discussed 
in Section IV. B. 2 of this report. The present section is organized in 
.    sions, conside ring - r espe ct iv ely - th e cyli ride r,. spool, fla :11: e d 
body, and cone, 

a. Cylindrical Capsule 

Static aerodynamic data at low angles of attack exist for a 
wide range of cylinder fineness ratios and over a Mach number 
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range from 8.1113110111,0 to moderately high iuprraonic. Dynamic 
stability derivative» ara available in a limited number oi caaes 
and form the bania for extrapolation over the Mach number range 
of interest. Lack oi experimental data, at high angles of' attack 
... that theoretical estimation oi static quantities be made. 
The modi,fled Newtonian theory is ... for this purpose. The 
following paragraph* discuss the avail*,hie data as presented in this 
report. 

Plotted, in Figures 18 and 19 as functions of Mach number und 
cylinder fineness ratio (»ero angle of attack) are center of pressure 
location and normal force coefficient slope, respectively. Figure 20 
presents for a fineness ratio 2.0 cylinder, the variation of normal 
force, moment and tira,g coefficient with Mach number, the latter 
quantity.being independent of ... ratio in the range above Mach 21. 
Some remarks are pertinent in the interpretation of the datii presented 
in them.. figures. 

The location of center of pres sure is obnerved to move forward 
on the ... aa finem.ob ratio is increased and rearward til Mach num¬ 
ber 1« increased. As indicated by I.otter (Reference 46) in sut...»nie 
flow at small angles of attack (and evidently In moderate supersonic 
flows) .¡pari.tio:1:1, occurs.. the flow attempts to ..it.! .. sharp 
(upper) corner at the forward end of the cylinder. Reattichment 
occurs at about three-quarters of a cylinder diameter beyond the 
ishoulde   with ac companying po sitiv e p r e s au re s. The b e pr e « au «s s 
drop approximately to zero at a distance two diameters from the 
shoulder. Since this preusure distributic.. is ... of cylinder 
length it follows that the center of pressure must move forward 
(relative to the base) a» length increases. The Mach numb.er effect 
is attributed to weakening of the separated region behind the shoulder 
with increasing Mach number and consequent reduction in negative 
pressure there (loc. cit, Figure 25)., The resultant of the normal 
force, .a.. is reduced as a consequence of this mechanism. there¬ 
fore lies further from the cylinder front surface. The data for 
cylinder fineness ration between 2 and 5 indicate that center of pres. 
sure location varies approximately linearly with fineness ratio in that 
range. Comparison of the data of Potter and Felix (References 46 
and 47) ..veals that beyond Mach 2. 5 the slope of the norm:.. force 
coefficient curve is independent of fineness ratio. 

From the paucity of dynamic stability data, for cylindrical 
shapes there are noted some isolated measurements. It can. be 

'in,.. 
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* «urmiMdtJmt thin nhap« l» dynamically imitable at subsonic »peadj 
and »table it «upernonic apeada. Additional data .for a aear-cylindri¬ 
cal configuration at a up« r ionic Mach number» suggest that there 

an exponential decay oí the ionic value to-aero dynamic stability 
* ' at very high Mach number■. 

It !» of inter««1 to consider, parenthetically, the problem of 
aerodynamic heating wherein a cylindrical capsule, with it® »harp 
faci-isdge«, might be expected to line vulnerable. ... 
calculation» Indicate that ti» edge heating rat.« in., in fact, con- 
•id.;.ably higher than ....ignation.«lue (50 pe.rennt higher than. 
the ... ..ignation valu.. Even at. the®« rate.. however, ... 
insulation may »till be provided loir many traje... condition®. 

b. Spool Cap i ale 

A shape ... ha« ..1 mome confiideration as an airplane 
■tore and as un artille.....hell is the so-called spool configuration, 
i. e., a cylinder surmounted at each end by circula... flanges. Tins 
Available data are.examined to determine if there exists, for thin 

» e o mfigu rati on, a s ig ni fil. c ant i tup rove ment, a e ro dynami cally, ove r 
the »imple ... The ... information is summarized briefly 
as folio.ws. 

^ Subsonic and transonic experiments indicate that; for a spool of 
mod.rate fine nés...ratio the center ... pressure location, though 
favorable, is extremely sensitive to angle of attack in the low range. 
The imp...'sonic data for simple and finned spools indicate the more 
favorable static stability of the spool at low «uper»onic Mach numbers 
iifi compared to a aimple cylinder of the same finenaat. ratio, but the 
location of center of pressure on the «pool moves unfavorably with 
increasing Mach number. Oscillation 'test» indicate that, dynamically, 
this pure cylinder i» at least an satisfactory as the best variation of 
the simple spool (and that both shapes are inferior to the flared con¬ 
figuration) . 

A, somewhat more sophisticated version of the »pool I« the mo. 
called bicylinder configuration. Static aerodynamic data at: super¬ 
sonic speeds are plotl.... for an optimum, variation of this configuration 
in Figure 21. Compared in the same figure are data for the pure 
cylinder of equi.raient fineness ratio. It is indicated that, at the 
relatively high fine ne s s ratio of the te st configurations, the bicylinder 
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exhibits » substantial superiority over the simple cylinder. Further¬ 
more, the unfavorable center of pressure travel (with Mach number) 
of the simple spool is absent with the bicylinder. Possible problem 
areas of the bicylinder lie in its probable sensitivity to Reynolds 
number effects on optimum slip ring location and in aerodynamic 
heating at the shoulder of the slip ring (see Figure 21). 

c. Flared Capsule 

Some of the geometric parameters which affect the aerodynamic 
characteristic* of the flared capsule are : 

{1 )i Fiar e angl e » th e mo * t i mportant g e ome tri cal variable 3 
increasing flare angle tends to move center of pressure rear¬ 
ward relative to the nose 

(2) Flare length has an effect.. to that of flare angle; 
he.... ... a comparable change ..ay, inc.-ease) of 
center of pressure location with respect to the nose requires 
a substantial increase in flare length 

(3) Concurrent: ... geometric ..a.... blunti.. 
tends to move center of pressure forward relative to nose but 
rearward relative to cone-cylinder shoulder 

(4) Increasing fineness ratio by increase of length of cylin¬ 
drical. portion tends to move center of pressure in percent of 
bo.cly length forward relative to the nose. 

The Reynolds number-dependent phenomenon of be.andary 
layer separation importantly.affects flared body stability charac. 
ta ri Stic s. Dennis (Refe rence 48) has investigate.ï thi » Reynolds 
number affect on a flared body in the supersonic range. Hi* data 
indicate that static stability is promote.. 1.y low Reynolds ..¡aber 
vh ill. e t ho r e v e r s a t r e nd exi s t s f 0 r dyna mi c a ta bi li ty. 

A further indication of Dennis' data, verified by others, is 
that boundary layer separation, and hence static stability, 1b Mach 
nut:.ibex.dependent. 

The ae rodynatnic quanti tie s, ¢€.114,,)(). 5L. C]Na ÄIU* Ca at zero 
angle of attack, are plotted in Figure 22 for a representative 20 
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degree flared body (illuetrated therein). Experimental “uPor“°”Jc 
normal force and mome.t data are reflected in the »uper.mdc rat»., 
normal force and moment data at eub.onic and traneonic speeds have 
been estimated based on data for another flared body from 'm?ab- 
lished wind tunnel test, conducted at the ArnoldEn^neeringDevalop- 
ment Center and the Naval Ordnance Laboratory. A>dal drag) - 

efficient has been e.timated from available data. At Mgh ang « 
attack the modified Newtonian theory has been employed lo tell.. • - 
the above quantities. Resulte of (he Newtonian calculation, are 

presented in, Figure ¿3, 

The slender body theory of Tobak. (Reference 49) ha» been 
employed to estimate the dynamic stability (CM, + Chft) lor tie 
assumed 2.0 degree flared body. The value so oltained is -2.5, 
which compares well with data for a similar configuration at super- 

sonic speeds. 

cL Cone 

Whether for use as a nose cone or as an internally stored 
capsull the several considerations of aerodynamic h«U.g. d,»* 
and dispersion, and packaging efficiency generally will cUxtato the 
use of blunting for conical bodies, to. certain instances blunt ng 
can result In reduced drag (over that of a pure cone), but, m genual, 

the drag penalty must be taken. 

Data for .. conical configuration, which is representative ... 
those which emerge after compromit.. among the above enterte 
are made, are illustrated in Figure24. (Dynamic stability i* well 
... 1.. the slender theory in the supersonic range.) A?. 
proximation of aerodynamic data, at higher angles ... attack can be 
mad. by employing the modified. Newtonian theory. 
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Interfer ene e ' Effects m 
M * 

The manner In which the flow field.» of the separating body and of the 
carrier vehicle affect each other’s loading distribution» is discussed in this 
section. Interference effects arise differently according to the region on the 
carrier vehicle from, which separation, is effected. Consequently, this section 
is organised in three subdivisions, considering respectively, nose, side, and 
base field interference. 

1. None Separation Interference 

The interference effects arising; in nose separation are manifested 
in the loading on the carrier vehicle (after!.. Two counteracting con¬ 
ditions occur as the nose cone translates laterally and rotates about Its 
point, of contact with the afterbody. 

.(1} A portion of the cylindrical afterbody become,a, immersed in 
the wake of the nose cone, with reduced pressure (relative to free- 
stream static) occurring over the affected area. Moments tending: 
to rotate the afterbody axis in a direction corresponding to the 
direction of movement of the nose cone axis are thus induced. 

(2) Simultaneously a portion of the afterbody nose becomes ex. 
posed to the air stream as the nose cone moves off the vehicle axis. 
The pressures occurring on this exposed area tend to rotate the 
carrier vehicle in a sense opposite to that of the interference 
normal force distribution (1,}, 

The magnitude of the above pressure changes and the areas affected by 
them must be determined in order to calculate carrier vehicle motion 
d, u r i n g th. e no s e s ep ax at io n p r oc e s s 

In, order to render the above interference problem tractable, certain 
simplifying assumptions are made. These assumptions and the model of 
the resulting pressure field are described in. the fol.lowing paragraphs. 

The nose cone wake is assumed to be unaffected by.the presence of 
the afterbody. Consequently, the method discussed in sections IV. A.2, c 
and IV. D for ..dieting wake angle in the...ivergent region is applicable 
in determining the area on the carrier vehicle blanketed by the none. 
Along the cylindrical portion of the carrier, the blanketed area is assumed 
to be triangular in shape with base and altitude given by the maximum trans¬ 
verse and longitudinal extent of the wake-carrier intersection. 
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The pre*sare acting on. the cylindrical portion of the carrier vehicle 
in as Burned to be given by the base pressure coefficient of the nose cone, 
applied uniformly over the affected area. On the carrier nose, the prefc-; 
sure acting over the exposed, surface is assumed to be that associated with 
a flat surface normal to free stream flow, Again the distribution, of thii 
pressure 1« assumed uniform.A possible "spike effect" due to the prox¬ 
imity of the no a e cone fseee.g., Bogdonoff, Reference 9), which, could act 
to reduce the pressure on the "exposed!" front surface and concurrently 
alter the pressure distribution over the capí.ule, is neglected, 

2. Side Ejection Interference 

Interference effects in side ejection are considered within the two 
g.¡P.irate phases of the ejection process, namely 

(1 ) During partial exposure 

(2) In complete   pos ure 

Boundary layer - shock wave i nte ra ction effe cts, whic h aria e dur ing the 
partial exposure phase and during the earlier ... of cornpl.. ex¬ 
po,eu,ire,, are discussed in sections lV„C.2„a ajyti.b.. 

a. Partial Exposure Phase 

... partial exposure the normal shock wave produced by 
the expose.. pc."lion ..if the capsule interacts with the boundary layer 
of ..b carrier vehicle. In, g...ral a atable system ..quires separa¬ 
tion of the boundary layer upstream of the theoretical shock impinge¬ 
ment point,, The pressure that would otherwise exist on the front 
surface of the cap suie is altered in a.c cor dance with the modified. 
flow meche.. The present problem, however, involve.. shock 
'wave-boundary layer interaction, aggravated, by the existence of 
a cavity wit h s ep a rat e d flow arid w ith c omp 1, e x thr e e dim ensiona 1. 
I.oundaries. These effects are not covered in the literature and 
..ire in.. presently feasible for analytic.. 1;.. Aerodynamic 
effects existing under these conditions can only be profitably deter - 
mined empirically. Therefc.re, in the present study.the «.... 
..eristics during the partial exposure phase, and a,..».during 
the earlier portions of a inn,pi    exp sur where such interaction   
...jécur, are obtained neglecting these interactions. ..ac¬ 
ceptability of such simplifications can ..ni,y be ....die.-mined ..y later 
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compariaoft with experimental data. The methods employed to 
determine aerodynamic "interference" effect» are discussed in 
■ectiona IV. C. 2."a. (1) and (2) for partial exposure and section 
IV. C. 2. b for complete exposure. 

For reference purposes» relatively simple cases of shock 
wave »boundary layer interaction, are contained in the literature. 
Chapman's data {Reference 13) indicate that the normal shock wave 
induced at high Mach number will .. both laminar and, tur. 
bu lent boundary layer*. Moeckel (Reference 50) hait shown that 
boundary-layer separation i» a necessary condition for two- 
dimensional flow equilibrium. Some effects of separated flow 
have been observed by Lange and by Moeckel (Reference* 35 and 
50). The former investigate.. has ..... a pressure coefflci.. 
on the ft...«rd face of a step (height equal to three boundary.layer 
thicknesses) equal to lesis than one.quarter of the value associated 
with the normal shock for the teat Mach, number, 3.03. For etep 
heights equal to 12 boundary -layer thick,neu ses „I Joeckel has ob  
served unsteady flow conditions with pressures ...ting .. 
and below the steady value. Presumably as the step height becomes 
la.. relative to boundary-layer thickness a detached ..shock will 
occur with the usual pressure distribution existing over most of 
the step face. Forces on a capsule during partial exposure arise 
from, the following; 

(1) The dynamic pressure of the carrier flow field 

(2) The dynamic pressure due to ejection velocity 

(3) The buoyancy effect of the static: pressure differential 
existing bet.ween the capsule surfaces internal and external, 
to the carrier vehicle. 

The means of.stimating these forces are documented in the folio.. 
ing subjections whe re ' 'no rmal111 and ' 'axial, '1 di rections are .. efer re d 
to the capsule longitud!... axis. In all instances pressure dint:.. 
butions are as Burned unifo rm. 

Tne partial exposure phase is considered relative to two modes 
of ejection, namely 

(!) Capsule longitudinal axis normal to carrier axis, capsule 
base end outward 
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(2) Capsule longitudinal axle parallel to the carrier axle, 
capsule nose aligned in same sense as carrier nose. 

Flared and cylindrical capsules are discussed vrith respect to fte 
"normal" ejection mode; flared capsules only, in parallel 

entait ion- 

¢1} Capsule Normal Orientation 

Dependent upon capsule geometry, the carrier ... field 
can induce forces in both the normal and, axial directions. The 
forces attributed to vari..ms effects have been computed Ím .. 
..endently and summed in their ..active normal and a.Rial. 
directions. Normal, forces arise ... the cylindrical portion,» 
'which can be estimated from Fenian.ill1» data {Reference 51). 
... distribution is based upon an aver.. local dynamic 

pres.mi...and upon expo.. '"plan" ....l! of th® hemisp^ere 
cone.flared cylinder capsule, normal and axial forces arise 
... the inclined surfaces which are estimated by means of ... 
modified Ne...mían the.. based upon averaged ... ....1 

number and dynamic ... and upon exposed area. 

... axial force arises due to ejection velocity and local, 
.... acta uniformly over the cap:.ule maximum cross- 
sectional area. The drag coefficient employed in the calcula- 
tit.... ft:.. this effect ... 0.8 for the cylinder, and a value 
pertin... to a disk in subsonic ... of 1. 17 was assumed tor 

The buoyancy eff.set, which is reflected in an axial torce, 
is ..«.id upon ..ï pressure differential existing ..... that on 
the farthest remove.ici..sole external surface (the capsule base) 
.... the carrier internal pressure (asuumed ambient .... c). 
Thus, ..lien the .. bas.; is tangent to the carrier .. 
(not y.. exp... the ... difiere util.. become.the cif- 
..of the ... pressure over the capsule base and the 
a, m Me ix.pres... assumed ...cling ... the nose and flare of the 
....ï ule which is extern.. to the carrier. The area on which 
..... su re differential acts for any capsule position is a.»Burned 
... that capsule cross.sectional arda inter.cepted by a plane 
..is sing normal «.. the .. sale ... and tang.. to the carrier 
I,.Q.dy, This assumption was made in an attempt to maintain 
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It!il!!llll!!p ..il.........i..........».I...!...i.III!...IF.».IP...«.!.....lip.Ilf...1!...... 

Í consistence with the assumption that Newtonian tlow is acting 
!?-, /'’¡'Vm "«yfe over the exposed portion of the capsule flare during ejection.« 

j The pressure acting on the exposed cap#ule end is a function 
of Mach number. Pertinent data, are available in the super¬ 
sonic range and have been supplemented by a test conducted 

# in the Cook Technological Center wind tunnel at a Mach number 
of 0.476. 

The latter test indicates that the pressure coefficient 
over more than half the end surface (base of capsule in this 

I case)'., is -1.0 and that a re comp re as ion occurs over the 
j1 rearward part of the surface such an to bring the value to -0.4., 

This flow mechanism variation, is reasonably consistent with 
tlie aforementioned results of Potter '(Reference 46} which 
indicate that pressure coefficients on the shoulders of blunt 
cylinders oriented,.with longitudinal axes parallel to the flow 
foliou.. esse.itialiy the «.me type of variation as cylinder end 
pressure coefficients in normal orientation. In, search for 
... data it is assumed that the pressure ...ding on the 
..id. of a body at a = 90 degrees (normal orientation.) would, 
compare to base pressure for a cylinder in cross.flow. This 

i. ....¡sumption is consistent with conclusions drawn by Love in 
Reference 16 for relationships between, separated flow axes 
and I a s e pr e s s ur e co efficie nt s. C or r e spondi   data ha v e 
been gathered and are plotted, along with Hoerner's estimate 

.. (Reference 43) for shoulder pressure coefficient, in Figure 
25. The curve faired through the data points is used in the 
p r e s ent buoyancy calculations. 

( 2} C ap s ui, 1 e P a r a 11 e 1, O r i e nt at i on 

Axial and normal forces arise due to the carrier dynamic 
pressure field. The zero angle of attack axial force ..at 
at the locally averaged Mach, number (loc. cit section IV. G) is 
I.. in the axial calculation; the aire... on which the force 
acts (uniformly) ... the exposed, cross-sectional, area. The 
(uniform) normal force is assumed to be given by the conical 
flow pressure coefficient: (see e. g., Reference 52) on the nose 
and flare sections, projected in the normal direction. Ambient 
static pressure is assumed to ... over the exposed cylindrical 
I.. Opposing this normal ... is the carrier internal 
pressure (assumed ambient static), which acts upon an area 
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intercepted "by a plane passing longitudinally through the cap¬ 
sule and. tangent to the carrier body for any capsule position 
during ejection, 

The normal force due to ejection ..elocicy is calculated 
on the basis of the cross.flow drag coefficient, 1.Z, and local 
... This loading is assumed uniform over the capsule 

plan area, 

b. C o mp 1 e t e E xp o a u r e ï   ha a e 

The capsule during the complete exposure phase will initially 
be within distances from the carrier surface ..here various proximity 
effects such as shock wave reflections and interactions with boundary- 
layer flow8, etc. , will exist.which can produce significant changes in 
the local, flow fields. Later the capsule will traverse regions of the 
basic carrier field where, in general, shock ..aves and continuous 
g r a di e nt s a n d c u r v a t u r e o f va r j> i ig m a g ni t u d e s o c c u r „ 

In the former case when the se; a rating body is close to the 
carrier vehicle, as it is during ejection and the earlier phases of 
separation, the flo.. field of this body can affect the parent vehicle 
flow field and therefore adjust the field to which the separating body 
itself is exp.. In this regime extreme flow gradients are gener¬ 
ated and the interaction of the cap..ule flow field with that of the 
c a r r i e r c a n p r od u c e e xfc r e m. e 1 y s i g ni fi c a nt al t e r at i o n s ín th e ha s i c 
carrier flow field. The extent of this effect is, to a large degree, 
proportional to the size of the separating a.ody.with respect to the 
parent vehicle. As discussed in section IV. G 2. a, the phenomena 
associated with this type of interference are so complex, involving 
interactions between inviscid as well as boundary flows, as to 
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j?,!'event my confide..« in analytical attempt, to define them. Con- 

..quently, the determination of ..phenomena U »•l»«»'«'“ 
experimental method.. Ft» .mallet cap.ole configuration, which 

are of inter«»! to the pre.ent »tudy the effect of the.« nteracti n. 
may be re.trlcted to relatively »hört time period, during he .=1-- 
aration interval .o that the over-all effect of flow interactive on the 

separation process during complete exposure might approac 
.econdary importance, or even be negligible in certain ca.es. In 
.dditlon, the extent to which "et.ady .late" interaction, are .a.roached 

may very well be a function of the relative velocity of the tap.ule a. 
it traverses the close-in portion of the carrier field. Becanee of 
the «a consideration.-, cap »ui.aerodynamic characteristic i aire 
computed assuming that the carrier flow field .. ... by the 

■presence of the cap a ule. 

With this assumption that the presence oí the ..»ule doe» not 

affect   » carrier field, the changes in capsule character^ it   • du  

to ..a aie field nonuniformities may be obtained from » .. 
I.i of;.. ....for continuous field va,..liions (no discontinuit es) 

with a relatively ... drag body, or by employing a numerical strip 
•.... in g.. The perturbation potential analysis i» hret 
...sussed wialiming that the nonuniform ... ... compatible with 

the linear equai:ion for the pe rturbation potential. 

..ï linear equation for the perturbation potential associated 

with, small disturbances in. irrotational flow Í» 

(1 - Mi; OU ® XX + ^ y y + ^ zz; 

This equation, is valid for ..sonic or supersonic speeds; however, 
for My) * 1 or » 1.= some of the nonlinear terms which, were. 

neglected for this study must be included., 

Slender body theory provides approx.. ... to the 

a bo V e e qu at i on und e r th e a s s u imp tí on. th at 

-1 R/x. 1 ' 1 

in 

...... 
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Il* 

'where E is the 'body radius and * is the body axial coordinate. Al¬ 
though this restriction if rather severe, results obtained with the 
slender body assumptions are nevertheless useful. Even for bodies 
of low fineness ratio, the slender body theory yields - in many cases 
surprisingly good approximations to experimentally determined 
aerodynamic coefficients. , 

The total perturbation potential for the following analysis is 
then due to the capsule body angle of attack with respect to a. uniform 
local stream and the interference upwash or downwash velocities 
which are deviations from the local average (uniform) flow field 
direction. Under the restriction that the sidewash generated by the 
parent body varies only with the axial coordinate of the separating 
body, Möikowlt* (Reference 53) lias shown that the sidewash velocity 
contributes nothing to the net lift on the separating body. The total 
perturbation potential may, therefore, be written a« 

„i II ^ sin 0 w « —.... I,Fa + w{x) 

where 

X « axial or longitudinal coordinate 

i« r * radial coordinate 

8 » tangential coordinate .- 

R » be.¡il y radius 

U « uniform velocity of local stream (averaged over extremities 
of capsule) 

m * angle of attack of capsule with respect to the local stream 
(averaged value) 

... up wash or downwash velocity increments due to stream, 
curvature over the extremities of the immersed body, i. e., 
deviations from average local conditions along the capsule 
body. 

iti 

ni. 
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#' 

P'seuido "'uTiilorm" stream "velocity and direction 
seen by immersed body at a given position in the 
field (based on average condition existing; over 
the body), 

w (x) 

u ( 

,1.4 

*n a 
r)J " 

Jilt e r fe r e nc e v el o c iti e a, 
deviations from local 
uniform" stream 

conditions. 

This total potential has been specified to satisfy the boundary condition 
that; the cross.flow is cancelled at the surface of the body, 1, e,, 

(0,.) 1in = - (Un + w) sin 0 
1 r « R 

To the same order of accuracy the pressure coefficient is 
given by 

-2 ((¡)x + u ) 

where u, the longitudinal interference velocity component (de-.dation 
from the average local condition), is related to w by the irrotationality 
condition 

¿hi . dw 

liisc liix 

Integrating the pressure in the lift dire...ion around and along 
the body results in. an expression for total lift force which splits into 
three sets of terms representing (a) the lift due to angle of attack of 

i 
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,. , , j kr«pá in an averaged "uniform" field, (b) the lift due of the body immer sed in an av 11,,1.¾ . fr.m thñ averaaa 
to vertical velocity deviations (horizontal gradients) from the a, ^ 8 
««Id along the ... (longitudinal extremities) of the capsule and ( ) 
field along, mt.h.' ® . f h fl fiaif¡ velocity 
lift due to vertical gradiente or deviations of t,h<.now ueia ) 
“,vf "uniform" field direction. The latter term may be expree.ed 
a. a buotrTforce due to immersion in » vertically v.t^ng üeld. or 
effectively, a variable pressure field. The expression for tota 

11 ft- 1 t 

L * 
ZQir 

U 

U«. 
tr 

'.»,. 

(A2 - Ay) + w2 R2 - ... R:l 

V, 'V'1 

b 

Rdx 

2’it 

u sin 9 d 0 

.V"" 

C 

where Q is the local average dynamic pressure over the capsule 
extremities, A,:. sody cross-sectional area, and sub 

scripts 1 and 2 refer to the nose and tax.1 of the.immersed body, 

respectively. 

By expanding u in a Taylor's series, ..... the fir.. two 
terrne and applying ..* irrotationality con.litio.. the second . 

. - g ral can        .lu,ate   Drop   the lift dut to local an {le 0 

attack of the psuedo-uniform stream which can be epxressed by ^ • 

.  tuai lift   ha r act er         the body a   < j;   aUniform' Ult . 
fe'rence lift is deriv.. For a closed none ..ody, A|, « 0 ..ml the 

final exp r es sio n for inter 1er ene e lift i s 

cL 

2, A 2 

.8ÏÏ «2 +¾ (*2 - Wl» 
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where 

Ä * average body cross*sectional area (volume/length} 

S * reference area 

I 

If 

The closed nose condition actually implies 
and hence for bodies of the form r-v xn, n should 
1/2, 

s 0 at X » 0,, 
0« greater than 

The. expression for interference moment is derived in a. 
generally similar vashion, The total moment about the 1::.ody nos e 
£s given by. 

M.. 11«, 
(a2 x2 "" A1 X1 " 

. 

a, 

;) + R22.. x2 *' 1..1 X1 
«II,V...MM*.«.Ml*.......^ 'V* 

b 

X, 

'. 

? 
R X dw 

. 

c 

..w ax 
2Q^ 
.u. 

J 

where V is the body volume and the other symbols are those used 
previously. 

As¡Burning A| * 0 as before, defining an average body cross- 
section area and removing the moment due to local angle of attack 
of the pbuhe.do.uniform field, there results the following expression 
for interference nr.ornent cot.fficient (about the nose) 

w dx 

III! 
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where C iß the reference length for momenta, and 1 is the total 
* length of the immersed body. 

It is apparent that the interference downwanh velocity devia¬ 
tion distribution, w{x), must be known to perform the integration 

f associated with the buoyancy term and other field variables must 
be established. 

For the casen considered in the present study where the 
carrier angle of attack is zero and the angular displacements from 
free-stream direction of the pseudo-uniform local averaged field 
velocity vector are relatively small due to the position of ejection 
in the carrier flow field, the interference downwash velocity dis¬ 
tribution, \v(x), may be approximated by taking the magnitude of 
these deviations ... the "uniform" stream as being normal to 
the true free.stream direction (carrier longitudinal axis). This 
allows the w(x) value is't;:o be referenced to carrier body coordinates. 
In order to ... the local, magnitude and direction of the 
"uniform" stream, the velocity components throughout the field 
must be known. For machine computation purposes, simple 
functions or tabulations can be made to describe the spatial varia- 
tions of the velocity field in terms of ..¡meats along and normal 
to the carrier vehicle longitudinal axis. In computing the spatial 
coordinates of the capsule in this field, the pseudo-uniform field 
velocity and direction is established by flow conditions existing at 

l(l a reference "average" capsule location, say at the capsule center 
of gravity or half the capsule length. (The center of gravity is 
preferable since the actual total linear velocity of the capsule will 
be established at this point. ) The interference velocity deviations, 
w(x), existing over the capsule extremities can then be determined 
i.y subtracting out the "uniform" field total vertical velocity com¬ 
ponent, Wv„ .... which is the normal velocity of the local 
stream with respect to the carrier vehicle at: the reference position: 

w(x) s   (je) - 'Wv 
y average 

w 1 * W,.. - Wv , etc. 
1 > .1 >average. 

Values ofw(x) so existing over the capsule can then be integrated 

» 
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0Vcr the cap.. extremities to determine the interference downwash 
velocity distribution, which must be known to evaluate the buoyancy 
term. Of course, the "uniform" velocity and angle of attack actually 
Been by the capsule am it traverses the carrier field is a result oí 
vectoriaUy combining the "uniform" field velocity components which 
are established relative to the carrier vehicle with the velocity oí 
the capsule with respect to the carrier. However, the w(x) values 
may be eat a Wish« cl prior to this vector addition since the capsule 
separation, velocity la small compared to stream velocity. Local. 
Mach number ... dynamic pressure can be determined by describing 
pertinent field variai.les such as density and ambient temperature 
with spatial tal..... or mathematical representations. When the 
carrier is accelerating or decelerating (changing Mach number),^ the 
flour field ... a«.altered accordingly. In this case, in addi¬ 
tion to being ..pendent on the position in the carrier aid.flow field, 
the field parar.listers such as denuity ... ... must !.. 
rep, ]* 0 hi anted as Mach number (and altitude) dependent quantities. 
The carrier ..... velocity compone.its can ... derived by employing; 
corrections, to tree stream which would also be position and, .ii, 
... dependent. In many cases, hoi.rever, the time required for 
the capsule to traverse the carrier flow field will be small enough 
that the effects.. change in Mach number on flow field pa.. 
may be neglected when the carrier is accelerating. In these cases, 
the employment of a time-averaged Mach number effect, would be 
adequate. 

It is,, of course, assumed that in employing the above inter¬ 
ference appro:.imation the effects of the vertical velocity downwash 
deviations„ .ir(x), over the capsule are divorced ... the effects.. 
pitch rate ;./bout the capsule center of gravity producing.. additional 
linear velocity distribution. It is therefore as sun.red that these 
effects can be assessed.. the latter being included as 
capsule damping in pitch. 

Additio.ni.. forces and moments appear.when the separating 
body is ini;ere.spted by a si'.lock wav.. ....a.. differences are 
caused by the inter.ectlon of the shock ... with the body and by 
the discontinuity in downwa s.h, velocity a s,so elated with the .. 
wave. ... dt.... discontinuity must be considere.:1, since the 
..igitudinal downwa.äh velocity...»mp.. ..vas ... in a Taylor111 
series to perform the integrations in the buoyant terms, Thus, the .... 
pressions...lined above are not ..slid at the dis.continuity in u which 
occurs at the ..:.int of.. intersection with the body. 



The terrai due to preiiaure difference» are obtained by using 
the oblique shock relation« to calculate the pre s mure ri se aeróse the 
shock. This pre «sure rise im assumed to act uniformly over the 
projected area intercepted by the shock wave. The resulting force 
1« them projected in the lift direction to give the lift term and multi¬ 
plied by the distance (along the body centerline) from the shock.-wave 
intersection to the body nose to give the additional moment term. 
This if in essence an application oí local field conditions to distinct 
sections or strips of the immer sed body. This sectional or "strip 
theory" may almo be applied instead of the perturbation potential 
analysis in other areas of the field. 

The additional force due to the up wash distribution was shown 
by Moskau.its (Reference 53) to vanish for cases where the shock wave 
is weak and intersects the separating body at an angle approximately 
equal to the flow Mach angle. These conditions are closely fulfilled 
if the separating body is reasonably far from and nearly parallel to 

. tli e par ent body at shock - wave i nte r e epti o n  For thi s r a as on and 
because of the difficulty involved in calculating these effects, the 
forces and moments due to the upwash discontinuity are not included 
in th e p r e liai ent calculation s.. 

In the digital computing scheme, the spatial disbribution of the 
interference field (and shock-.wave locations, if present) is calculated 
and. stored. The coordinates of the nose and tail of the separating 
body are computed and tested to see If they lie within the interference 
flow field. If the shockwave intersects the separating body, the co¬ 
ordinates of the intersection point are also computed. The downwash 
velocities at these location® are then computed, from, the stored spatial 
downwash field. These velocities are then inserted in the expressions 
for interference lift and moment. 

3 „ B a s a S e p a. r ati o n Int e r f e r e ni, c e E if e c t s 

T h e di s c u. e si o n i n s e ctio n IV. A, 2 ha s c on s id e r e d th e wak a b ehi nd a b 0 dy 
with no other body influencing the flo.. field.In the case of ..parating ..odie s, 
hoi.e 'i.e r, th e v e r y p ::r e a e m c e of t h e .1111 epa r a ti rig bo dy irn, ay a It c r th e a t r tie t ur e 
of the.wake. It is of interest, first, to delineate those instances in.which 
the presence of the body.will not totally alter the basic wake structure. 

Chapman's data (Reference 12) at Mach 2,0 and 2. 9 far the effects 
of a support sting on wind tunnel mo.dels indicate little effect on the base 
pressure for sting: diameters less than, about 0, 3 oí the body diameter for 
-both lami na r and tur bul eut: fi ... th la r g e r c fi ng d i a m et e r s p e r a mi s s í ble at 
higher Mach numbers. For very low Reynolds numb.. (M * 3. 9, Rej * 
2960), Kavanau (Reference 29) observes sting effects for all sting disses;, 
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however, .for Uglier Reynold# number« in the fully laminar regime (see 
Reference 30}, little effect In noted for «ting diameters about 0,2 of the 
body diameter, Crocco and Lee* (Reference 14) have further demonstrated 
that, for tte supersonic wake, •mall disturbances introduced ait of the 
wake throat, have no .effect on the region ahead of the throat. Thus, from 
the»e references it appears that disturbances produced by objects which 
lie within, the viscous wake will not alter the basic object-free wake 
structure, although the pattern of velocities which exist in the recircula¬ 
tion. »one ahead of the throat may be locally altered, by objects located 
there. 

Large alteration of the wake structure must ba anticipated for those 
cam..where the disturbance-producing body is large compared to the vis. 
cou» ''mil.. diameter or where the body is ejected so a* to penetrate the 
...aka boundary. especially when the penetration occur® forward of the 
.wake throat. Such changes in the body-free wake structure are even 
»ore im.olved than the interacting field difficulties encountered in side 
separation (as discussed in. section IV. C. 2) and. must be investigated 
experimentally. 

In this study the investigation of base .separation requirements is 
therefore based on. the assumption that the basic wake structure of the 
... Is unaltered, by the presence of the...sparating body. 

With this assumption the aerodynamic forces and moments induced 
on the separated capsule aft of the wake throat are calculated using the 
cap«   freu     How parameter si   mill.   ..«     » of the 
radial variations. The load* which may exist in, the re circular! on »one 
»h »und of the.wake throat due to static pres sure gradient«» and reverse 
flow   re CO   »red,       »mail     neglected. Walk   net ra¬ 
tion i* similarly treated; that is, the loads on the capsule were computed 
using ..a...!.ï ..boundary ...sties. The characteristics 
of the capsule.free wake structure used for the present program are 
discussed in section IV.. 2, c. 

The ext.. to which these simplifl.. are ...Bible must ai».mit 
the performance of .suitable experiments. Of particular Importance to 
i   exp« rim   a     the determ in     of the rol : of     velocity 
i     alter* id carril : wake structures a re induced, due to the       a   
the sei.«.'»ting .....iy, In other.... ..fact; that the ..pa rating ..sul.. 
i.moving' at... relative ....to this ....... ..hide may have an .... 
tionai effect on. the altered wake structure of the carrier, 
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D. aiMtiftttirr of Acc«g»tii4 Air^ynumlc Chwcta^Uci 

TM* s«ctlon l«f fulck »•il«:»1*««» A* 4**Cflf- 
tlun of At «ip»ult» »»4 tilts pifttatiit c»f»itf ümr fliUt tor 'tàlch »ipiritt««. 
trcjactory art mad«. Whtn ft ««avtiiaat »ammaritatioa I» not 
ftatiblo, tin •«ciittit whtrtin specific intormatkm I* contatotd art raftranetd. 

Willi respect to basic carrier-side flow fields* repräsentative conditions 
ar« cai«altt*«i by mmm if Ike cifcifattef'litiii Attrf {at applioaliii„ íiüI are 
documented - for typical pointed Ik.die« - in Figure» 4 through 6 má dl ecu sied 
ln eection IV. d.1» To«' the aide separation trajectory «mis» calcaleted at Mach 
5JÏ, uni torn.' free« »treat.in.... wer* «.... for ........ eld.. 
ly.. field. Condition« if»iiiiiliii| from tie mefiioi of ..: ... 
wiiii1«’ niiitployed In.. the.. ilipur i.iM, In the Midi 11. Ô1 can«» ... ... 
„I       i usai un   in i A tieft         Ai I   of At «   unie awenwted     I y till” » 
«iiiiiirlildiicl fliif ..i.it» aa dlsai»«ad in iiettli» If. C. 2. 'll). 

Basic wake ........1...» *.mi ..... ...........« ....Hi.I.! ..... UÜArm 
aal ill diecuneed la, eection IV. A.. ... i 

PJ Regie.11...»i.nil of ... ... «.••um».. conical ..lili eagle ..if...«.. 
ill.run by Figure 10. 

ii(2;) ....nal in.... ..........!.. ..:.... III...la.. ..-.. ...... 
..y.*.Epi....lion to "I......... ....mm.ill «.a.tant.A shin con.'gent 
region. 

{»I Flo   «   i mi vary   %   ..... coni 1     in dar) to     nil »     
dir«.. latter cm».. ....! wiA b«dy just alinead of haun. 

(4) ..i.. ... ....... ..... ..IS i de..............ike ...... 
and velocity...lit.... ... by ..a.. mil.. I.. tin.... 
......da.ill.i ... ..un.....» ... mllliita of Figur.. St.. ..a.pi.:..11... 
and ... in elm.in........min...má «fiial to fri.i.i.di.ream.ral,««», 

1" ri im flight ca,pen ill   a ri  ¡te   il   Ici   a   :   fit     Il "Il ï:   «      
liiiiii¡¡;*4 ... «ire give.... ....ill in Table VI.Aine.«...um...’lied 
la. Table Vit an...Intayf«.....et* iiliiiii «jectinil a»»«.mm or.. ... «a.... 
•... Partial........ 1...dir.g i;.. ..J,...a iIjiii mm.....i®.d la Tl.ht. 'Vil 
lu...i]...i. ..-i.il.turned i® lie fri.ni ....... Int.....i....iff.. 
ni,.i ......... I* lui.«ni.ni,.I fr«.i iiiiil1 cif.(lili...fil.. ..i.. ....fini 
... flow fit.il”.Il, 

•M 
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Mach Numbe r 

NOTE: Coefficients based on base area and capsule length (where applicable) 

Figure 22. Variation, of Pitching Moment Curve Slope (CMa)o,5L» Normal Force 
Curve Slope, , and Estimated Drag Coefficient, Cp, with Mach 
Number for a Flared Body oí Fineness Ratio 2, 5 at Zero Angle of 
Attack 
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SECTION V 

SEPARATION TRAJECTORY CALCULATIONS 

In order to gain insight into the mechanics of the separation process and 
the requirements on the separation system, calculation,s of representative 
separation trajectories have been made. In each instance that capsule type or 
types considered most pertinent to the particular carrier ejection field has been 
examined. 

Of principal interest is the capsule trajectory relative to the carrier 
vehicle while in the influence of the carrier flow field. The investigation em¬ 
braces nose, base, and side field ejections and includes conical, cylindrical, 
ipherical, and flared capsule configurations. Free-flight capsule trajectories 
have also been considered in limited extent with respect to the flared body con¬ 
figuration. 

The characteristics of carrier flow fields as discussed in section IV.Ä and 
D and of representative capsules, section IV". B, have been adopted as the basis 
for the trajectory investigation. Carrier trajectory conditions at separation are 
selected as representative of conditions which may be encountered, in practice, 
and which provide critical elements of the ejection environment. 

Base separation is akin to a carrier vehicle which is decelerating under 
the influence of high aerodynamic loads, i. e., no rocket motor is attached at 
the base, thus allowing the deployment of a separable capsule from the base. 
Nose separation is pertinent under conditions of both carrier.vehicle decelera¬ 
tion and acceleration (vehicle in powered flight). Side separation of a capsule 
is considered more pertinent to conditions where the carrier is accelerating, 
and the base of the vehicle is taken up by propulsion components. With respect 
to side separation and the associated restraint cyctem that must be employed 
during ejection of the capsule, a qualitative discussion is made.on the possible 
effects of the configuration of this component which can be important in deter. 
mining the resultant separation characteristics of the capsule. 

C a p s u 1 e 11* e e - fl i g ht t r a j e c t o r i e s a r e di s c u s s ed i n th e f i r s t s ub div i si 011 of 
this section and the separation process, organized according to the carrier 
ejection field, is considered, in the second subdivision. 
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.. A, Capsule Free-Flight Trajee tor le b 

Of academic mteremt with respect to the flared body configuration capsule 
free-flight trajectories were computed to determine the damping qualities of 

, the flared capsule and to asees» the effect of & moderate tail wind on its impact 
dispersion. From a trajectory computation initiated:at Mach 10 and an, altitude 

-of 300,,000 feet with a re-entry angle of 45 degree« below local horiaontal, the 
initial conditions for the dynamic stability analysis and wind dispersion estimate 
were obtained. 

Assuming a 10 1.mot tail wind acting from 60,000 feet down, the impact 
dl«p.. of the flared body configuration.was estimated. (Above 60, 000 
feet the high velocity of the capsule indicated that wind effects would be neg¬ 
ligible. ) It was.. from this analysi» that the imposition of this 
me.derate tali.wind on the flared capsule trajectory had small effect on range 
dispersion. 

The dynamic stability of the, flared "body configuration was investigated 
using the aerodynamic data presented in a previous section, of this report. 
The initial conditions employed for the wind dispersion estimates were also 
used as initial condition®, for this analysis, i. e„,, approximately 60,,()00 feet 
and Mach number 3. Above this altitude the effect of increasing dynamic 
press are coupled with the favorable aerodynamic damping and lift curve slope 
parameters would cause the capsule to converge on its stable trim point quite 
quickly. At the above initial conditions' the capsule was assumed to have an 
initial total disturbance of 14 degrees angular displacement, a combination of 
a 10 degree yaw angle and 10 degree pitch angle. The siix-degree-of.freedom 
program was utilized to compute the capsule response in this range where the 
unfa1.. influence of decreasing dynamic pressure is realized. Figure 26 
present s the angle of attack, history of this simulation, indicating that under 
the conditions imposed the damping of this configuration i.» quite satisfactory. 

B. Sepaxa/lion .... a 

The separation of capsules pertinent, to given carrier regions is discussed 
in the subdivisions of this section. With respect to the nose region, the nose 
cone itself (blunt cone) is the configuration of interest. The cylinder is employed 
for the base region, while fox the carrier side field the cylinder and flare.. body 
types are considered. Also, for the side field, the sphere is included for pur. 
poses of compariuon, ... the more practical shapes. 
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*' In all laitance», the computational procedure.. to perform »ingle 
par «mete r variations on a ''standard" problem configuration, thereby' to 
determine the effect« of given parameter*. The objective of the computations 
.. to eittbliah or to indicate minimum requirement» on ejection thrust or 

f ejection velocity under the criterion of successful ejection for all combinations 
oí the problem parameter». In thin manner, the relative significance of the 
parameters and - In the case of side field ejection - the effect of capsule type 
on ejection requirements are indicated. 

1. No • « Sepa ration P r oc e s ■ 

The standard problem configuration for none separation has the 
following value* of the basic parameter»: 

Altitude - 5,, 000 ft 

Mach number - 5.Ö 

Trajectory path angle.45 degree* below horizontal 

'# Ejection thrust angle with ....set to carrier axis - 0, 2 radii an. a 

Thrust axis lever arm with respect to nose cone c. g. - 0.133 noie 
cone base diameter 

Carrie:.. angle of attack - 0 

Contact friction coefficient. 0.15 

lii. addition, variations were made individually of altitude and Mach number, 
a-’«!. by a procès. of trial and error - the required ...ion thrust level* 
were computed ..* each parameter set. Characteristics of a typical. «.. 
. ■ alien     ..ire presented in Figure 27 for conditions  if the stand*)   
problem configuration,. 

The effects of Mach number (at an altitude ..£ 50,000 feet) and altitude 
I,at a. Mach number of 5.1)) on required thrust are presented in Figure 28 
•A® might be expected., that these affects are. in essence. an effect of 
dynamic ..¡sure ..aria,lion in a region where Mach number has relatively 
little.effect on. the ..alue of aero.iynamic ... ..illu.tratad in the 
same figure, 'where a linear corr.dation is exhibited.,. Not specifically 
documented in this report are the effects of carrier angle of attack and 
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th litt it angle. It I« found that required thront level* lire vary •eiwltive to 
thene parameter», .Especially In canee where the timint vector !■ die* 
placed oil the no»*» center of gravity to produce di aplace ment by rotating 
11,i will a# translating the cap mile in the de wired direction of motion« tint 

rotational momenta are re elated by the inherent etatic ilnMllty of the 
none. Under thin convidar ation, une of thru ft In thlj maimer 1« generally 

iimfiicltni. ' ' ' " ■ 

A recommended technique in noua «épuration 1« to utiliae thruef 
directed through« or nearly through, the non« center of gravity trän». 
verse to if» axis .. a» to produce tr«iiktion only. Uwe oí a track or 
rail and.. roller bearing contacte appear« feasible with ..technique. 
However, it í» noted, parenthetically, that the thru.It ..si« eafublished 
for "angular" (thrust vector off center of gravity) ..jecti.in are within the 
captblilti«« of available     devkem, and that much       are 
suggested for many application* la view of the short thrust durations 

involved. 

On. the other hand, in certain cases the emploi.ment *.. short du:.. 
o j.o xp lo « i y e1 ' th :r u » i de v í c e s f o r b ep a ï atio n m ay not b e p o « b il. bl e. In 
.. ... a human occupant or »enßitlve instrumentation is Involved 
the «eparation impulfe required to displace a «aie distance from the cur¬ 
rier may have to 1:>e spread out over a relatively length period of time due 
to g limitations. Also, in certain casei» where the cm...«hide 1» an 
active or potentially active booster, the u«e of a directly lateral, separa¬ 
tion (transverse to carrier vehicle) may result in undesirable normal or 
lateral, g loading requirements to achieve an adequate separation «listance 
in the desired time, or - conversely * in a. nose cone position too clone 
to the carrier.vehicle during that ... of the ..... when the 
carrier (booster) paaaes up the noue section «such that danger of damage 
t o cap s ul e cl.u e It o bo o ■ t e r expío »I.on 1, is p o § « ¡I, bl.e. Thi ■ c a e e di « c u n a a d 
above would be pertinent to conditions that can be achieved by a space 
vehicle during boost where a mission abort is necessitated. In such a 
situation use of separation thrust directed, approximately through the nose 
center of gravit).but at some angle lea# than 90 degrees (and generally 
more than 0 degi.see) from the nose cone longitudinal axis may be opt;.!.. 
mum. In this case, the nose cone is projected well, forward of the carrier 
to avoid explosion hasard (or in addition, Cor off.the.pad aborts, to an 
altitude where a successful   er y can be initiated), and also laterally 
to insure that the parent vehicle do.. not pass dange:.*ou«ly near the cap¬ 
sule later when the carrier overtakes the nose.cone, if being assumed 
that the carrier vehicle W/CjjA is greater than that of the separated nose. 
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Th« une oí thru,nil; àxlf orlantitlon «lightly displaced dï ..wo»« cone 
cinter oí gravity can In, «orne similar can«* be wotthwMl# to «id in 
the ftfktlvi lateral displacement oí the nose section. The entent of this 
thrust tjdi displacement moft b* weighed In the light of no*« cone tero- 
dynamic stability and the tolerance that can he maintained on actual 
alignment of the tlrrunt axil« «uch that the possibility erf achieving angle« 
oí attack that would Impose excessive air and g loud* on the nose structure, 
ln»trtu*tentâtloBi|, or occupant during séparation would be avoided- 

2- ... Separation, Procès» 

Ejection oí » cylindrical capsule from the baas oí n carrier vehicle 
at an angle to the currier vehicle axis ha» been «tudied, in a general 
manner by means oí a parametric analysis based upon the following! 
« tandard p roblem c onflg ur at ion : 

.Utltude - 511,,000 ft 

Mach numb.... - 5- 0 

Ejection, angle nwtiured from.. nuda - 22,5 degrees 

Capsule initial position relative to carrier axis center of gravity - 
on axis (capsule axis at 22,5 degrees from carrier axil) 

Ratio carrier.to>capsule weight-to-drag area, ratios - 16 

C a r r i e t w e i gh t it: o   d r a g a, r « a, r at i o - 7 0 0 

The case of axial ejection was investigated In considerable detail for the 
effects of variations in weight-to.drag area ratio of carrier and of cap. 
s ule, 

The result» of the axial ejection analysis are presented in Figure 29; 
the parametric investigation is summarised in Figures 30 and 31 „ Values 
of parameters held constant for the variation of another parameter cor¬ 
respond to conditions stated for the standard problem configurations. 
R e q mi r em e nt; m o n th e ba, s e e j e ct i on s y « t e rn a, r e int e r p r e t e d in t e r m. a o I 
ejection velocity; the significance of each of the problem parameteru is 
discussed in the following paragraph«, 

In the instance of axial ejection (down the ... centerline), the 
following effect» may be not«.. from Figure 29. 
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(1) Required ejection velocity lucre;.in.. with increasing íree- 
stretm Mach number. Since the capeóle in axial ejection, ii not 
required to negotiate abrupt change« in flow condition» (ae, #.g* » 
in crceiling the wake bemndary), the effect of Mach number be- 
comes to a great degree an effect of dynamic pireennre. Con- 
.. ejection requirement;« become more «.. ins ... 
number and dynamic p re «sure increaee. 

Th« dyimtni'C preiture effect i# a. re suit of the increased 
Incrementa,l deceleration of the car.tier vehicle with Increased 
dynamic preeiure, while the increment in magnitude of cap »ule 
deceleration with «.sped: to space ... not nearly.. affected by 
a dynamic premuniré change during that ... portion of the 
capsule trajectory.. it I» immersed in, the ..! inten.. 
environmeiit aft of til.i© carrier vehicle, i. e., in the wake of the 
carrier. Consider the hypothetical cm© of the wake dynamic 
pr a ii sur e re covary being insignificant or zero for a c ext ain di stance 
silt of the carrier. The carrier deceleration ... double If the 
free.stream dynamic pressure is doubled; and, neglecting; much 
pure effect« as Mach number, the lot.. ....dynamic ..»sure 
would also double. However, if the initial value in negligible or 
zero the capsule deceleration ..in this region.. will ... ... 
Co:.. the ... velocity required !.. displace the cap-. 
suie re lat.. to the card.nr out ... this insignificant ... ..mure 
region would be increas.. by a ».. root function in this case. 
Though till i     is unrealistic, it can be approached to some 
degree in, practice. 

(2) EU.quired ejection, velo.. di.er«.asee with increasing ratio 
of carrier-to-capsule weight-to-drag ratios. The effect to 
carrier ..eight-to.drag'.ratio increasing is more ... tlx,.. 
the similar effect of capsule weight.....drag ratio decreasing for 
a fixed   of <W/CdA}carrier^/c)capsule• This is a 
r e « ult of til e s a m e c ir c urn stanc e a ii a e u s & e d i n, {1 ) „ p e rtaining t: o 
the fact that ..: capsule whil.in ..reduced intensity.wake of 
the ...... is 1,.ï affected by chang.... in dynamic pressure or 
W/CjqA than in the card.. ..¡hide which is.it all times expos«.. 
to free» stream flow. In either case it is a result, of courue, of 
r e la tive ve hi c 1 e d e e e 1 e r at i on s. 

The generalized parameteric investigation yields the following 
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r eil ult § fiee Figuren 30, 31), 

(1) Referring to Figure 30, curve (a), it is seen that the ejection 
velocity required to »aparate the capsule 1« 111:0:10(:.1111:1,7 !«»• If the 
cap nula Is ejected at such an angle to penetrate the wake boundary 
ahead of the wake throat, as compared to the wake core ejection. 
Once the angle of ejection become» large enough to came penetra¬ 
tion ahead of the throat, the effect on ejection, velocity of further 
... the angle of ejection is relatively small, ..ais of 

. 10 feet per »..cowl were employed to approximate the velocity re¬ 
quirement» for wiiike penetration ...in.. the low*.it value which, reunited 
in.. isepa,ration.fa.employed. To ..line the .."«ice 
between the ... ... eject!.. and ... ..re, it muât ï.» 
»tat«.! that the criterion...ployed loo.a.. wake: ..en.... 
run in determining ..nur.. ejection velocity ..mi.that, in .... 
to successfully separating, the cap.iule must II:.completely out of 
the convergent portion of the carrier wake when it pained the wake 
throat longitudinally. In ... case of wake core ejection, the .. 
criterion employ... was that the a...suie nuce.i..fully separate 
from the carrier. The compar is.;.. shown in Figure 30 ..fleets 
this difference, in criteria as, well iilb in the fact that 10 ..et per 
second increment« were employed in the.Milk.: ....tratki.. cuse. 
Thus, the difference shown ... wake core and wake penetra-. 
ti on velocity requirements should I:.. conn...ative. On curve (a) 
no fairing in shown ... the.... at ..:.. ..ingle of ejection 
(wake cons) and the 22. 5 degree approximation (wake ....tratioa) 
since the shape of this portion of the curve ham not been determined 
and     y be abject to certain inflections. Rea sc it,   for the 
superiority of the wake ......Stratton mode of ..ase.ejection 1* that 
upon passing through, the wake boundary significant dynamic pres¬ 
sai.immediately aid.in carrying the ..den.....reas 
for ejection down the wak'is centerline, a gradual recovery of free¬ 
st roam dynami c pre is aure exiat s from the wake throat to points 
downstream of the throat. 

(2) Correspondingly, the effect of initial cap.mule lateral position 
(Figure 30, curve (b) ) is negligible an long a« ejection angle Is 
large enough for wake boundary ... Presumably, if an 
effect of capsule lateral or vertical ... ..it will ..in» 
at small ejection angle». 

(3) Referring to Figure 30, curve (c), it ..sc.an that the re.qui red 
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ejection velocity for a significant ejection angle {wake boundary 
penetration) increases with increasing ratio of carrier-to-capsule 
weight-to-drag area ratio, contrary to the case of axial ejection, 
It is noted that these data were obtained by varying the cap sute 
weight-to-drag area ratio at a fixed value of carrier weight-to- 
drag area ratio. Under this particular condition, it is reasoned 
that since in angular ejection the wake boundary is penetrated and 
the capsule immediately encounter# a dynamic pressure field which 
approaches free-stream values, the higher drag and/or lower in¬ 
ertia (lower W/CdA) capsule which is associated with larger values 
of carrier-to.capsule weight-to-drag area ratio is resisted from 
entering ..free-stream, field more effectively than is the ..»ule 
with a higher weight-to-drag ratio. On the other hand, if the ratio 
of carrier-to-cap sale weight-to-drag area ratios is varied by holding 
the capsule ... fixed and varying the car:.... W'/CqA, it is con,. 
ceivabl.» that little effect of changing the ratio of these W/CDA ratic.. 
can be ......In fact, the ejectio.. velocity re-.. for ... 
shoultl, even, reduce slightly at increasing values of the ratio ... ob. 
tained since the carrier ..muid decelerate less relative to the capsule 
during that small, portion of the trajectory where the capsule ... within 
the convergent portion of the carrier wake. The effect of reduced 
carrier dec.deration with respect to the cap.... after the ..iule is 
immersed in free-stream flow is of no consequence on ejectio.. 
velocity requirements since it is assumed that the carrier weight. 
to.drag area ratio is significantly la.. than that of the capsule in 
all cases. If the carrier density (and therefore weight) is ci..a.nged 
to produce the varying W'/CjjA, no effect on the wake structure is 
realized. Changing the carrier geometry to vary W/GpA. is ... 
herein considered as a parameter. 

Figure 30, curve ... presents the effect of carrier W/Cj)A ... 
required ..sction velocity for a fixe.. value of (W/CpA).arrier/ 
(W/CnA) caps ule     to 16. This curve   fleets the hange in 
ejection velocity.requirements with ..„ change in both the carrier and 
c ap b ule ba 11 i s tic c o ef fi c ie nt, s, W / C|},.A.A s s um i. n,g, a s di s c u s t* ed 
before, that the effect of ..inging carrier ballistic coi.fficient is 
quite ..mall at a fixed.... W/Cj>.A, the main variation of tin.a.! 
dab.i ..suits from the fact that the capsule WVC¡)A iß increa.d (as 
the carrier value increa.íes to ms.ilntain a ....tant value of .. ratio 
of their ballistic coe...its). In other word.. the increasing value 
of capsule ... effects tin. ....reduction in ejectic.. ..tty 
requirements due to the resultant decreased sensitivity of the 

cap b ule to airloads. 
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(4} The Mach number effect at a constant altitude (Figure 30, 
curve (e)} and the altitude effect at a fixed Mach number (Figure 30, 
curve (£)) for the'wake penetration exhibit trends similar to that ob¬ 
served in nose: separation,, an increase in required ejection, velocity 
or force (for none separation) with increasing free-stream dynamic 
pressure. In the Case of nose separation, the force required was 
shown to be approximately a linear function of dynamic preuaure. 
In the case of base separation, where the velocity required for 
ejection was employed as the parameter of interest, the ejection 
velocity squared would be proportional to the dynamic pressure If 
a pure dynamic pressure effect were present. This is a result tí 
the fact that the required velocity is proportional to the square root 
of applied net force. However, the data, of Figure 30, curves (e) 
and (f), and Figure 31 Indicate that direct; correlation of required 
ej action velocity as a function of the square root of dynamic pressure 
i» prohibited. Taking curve (e) and dividing through by the square 
root of dynamic pressa re indicates that a. reduction, in required 
ejection velocity at a fixed dynamic pressure would result between 
Mach 5. 0 and Mach 10.01. Taking curve (f), which is for a fixed Mach 
number of 5.0,, and dividing through by the square root of dynamic 
..saure indicate» that the required ejection velocity varies approxi¬ 
mately with the square root; of dynamic pressure at; a fixed Mach 
number, Also, according to the carrier deceleration correlation 
exhibited in Figure 31, which depends on free.stream dynamic 
p. r e s su r e, re q ui r e d. ej e ction. ve loc it y do e s inc rea. s e wi tin de e el e rati on, 
but at a fixed value of carrier deceleration (dynamic pressure) a 
reduction in required ejection velocity is found with increasing Mach 
number. Because of the assumed penetration criteria such that 
capsule attitude angle with position aft of the carrier becomes 
critical, and. because rather gross velocity increments were employed 
to approximate the ejection velocity requirements, it can be mis¬ 
leading to assess quantitatively the actual magnitude of ejection 
velocity sensitivity to Mach number at a fixed dynamic pressure. 
..rever, it may be stated that the data indicate the favorable effect 
of a pure Mach number increase, all, other parameters being held 
constant, The rationalization for this favorable pure Machi, effect 
lies in the fact that, as free.stream Mach number is increased in 
the hypersonic range, the local Mach numb er just forward of the base of the 
carrier is reduced. Since an.ailable information indicated that the ambient 
pr e s a u r e in tibí s r e g io n i s ne a r th e f r ee - s t r e a ni valu e, th e dynami c p re s ß u r e 
just forward of the base.of the vehicle is reduced as a function of the 
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ratio of the local Mach number to free-stream Mach number squared. 
Thus, at a fixed level of free-stream dynamic pressure, an increase 
of free»stream. Mach number will reduce the local dynamic pressure 
outside the.wake near the vehicle base. The resistance of the local 
flow to penetration, of the capsule is thereby reduced with a pure in¬ 
crease of free.stream Mach number. 

(1)] Tjffhem, the capsule penetrates the wake boundary in angular 
ejection large angular velocities, accelerations, and loadings are 
imposed on the capsule due to its attitude at penetration and the fact 
that, as it penetrates, variou.. portions of the capsule are exposed 
to the flow.. the convergent wake boundary. This considera. 
ticm would be of ..ortance if structurally weak or sensitiv. 
instrumentation is packaged in the capsule. J?urthermore» as 
dynamic pressure i« reduced or as vehicle weight.to.drag area 
ratio is increased (carrier dec el.. rat ion reduced), the ej action 
velocity requirements for wake core and wake penetration ejection 
¡¡hj) p r ..i a eh each other. Thus, under the above conditions and,.or in 
a. situation.where relatively high, angular accelerations or rates on 
the capsule are to be avoided, the employment of the wake center* 
line mode of ejection may be advisable. 

3. Side Separatio.a P l!" O1 Ü © tel & 

The side separation process is analyzed in two steps, namely 

(1) Determination of ejection force-ejection velocity dependency 
during the partial exposure phase of the ejection process wherein 
th e c ap s ule i e r e st r aine d in 1 ongitudi nal t r ans 1 ati on a nd r o tal i, 01  id 
fret.dom 

(2) Calculation of cap.. relative trajectory ... physic.dly free 
of the carrier vehicle, initial conditions interpr.it.. in term. of 
ejection velocity.with zero longitudinal and. angular di«placement 
a nd in e r 0 a rig ula ..r e I. o c i t y. 

The standard problem configuration, has the following values.. the 
basic parameters: 

Altitude - 50,000 ft 



Carrier acceleration - 5 g's 

Capsule weight-tö-drag ratio - 100 

Coefficient of friction - 0,05 

Capsule types represented in the partial exposure computation.» include the 
sphere, the cylinder in "normal" orientation, and the flared body in both, 
"normal" and "parallel" orientation. The cylinder in parallel orientation, 
is included for the complete exposure computations. Treated as a special 
case was the flared capsule in parallel orientation at. Mach 15.0, altitude 
85,000 feet, other parameters above. The partial exposure and, complete 
exposure analyses are discussed in the following two ...visions of this 

section. 

a. Partial Exposure Phaae 

{I) ..thod of Restraint and Associated Effects 

An investigation of various restraint system configura¬ 
tions and ejection systems to be employed by a carrier vehicle 
to implement the separation of a capsule ... not made as a 
part of this study effort. However, a qualitative discussion of 
certain aspects of these systems and their effect.. on the initial 
conditions of the capsule complete exposure phase is warranted. 

With respect to ejection, systems, the force-supplying 
component may be an inherent part of the carrier system su<.h. 
as a gas generator powered piston or compressed spring 
rn e cha ni, s m, o r t h e th r u s tí ng  i e vi e e m ay b e i nc o rp o r at e d wi. th 
the capsule, for example a rocket motor. The design of the 
restraint system will in many cases be premised on the type 
of eje.. mechanism chosen, or viceversa. Choice of 
particular hardware components will depend on many param¬ 
eters such as capsule type and size and ejection envi,ronmeul. 
The restraint system may be »imply a means of holding a 
self.pc«.«red. cap.tule in a fixed, position ..dor to.jectkm 
(vehicle contact is prevented by use of a sufficiently large 
opening in the carrier vehicle.. or it may'll...»lively .... 
plex arrangement wherein, the capsule is held in a. desired, 
axial and angular ... until emergence is nearly complet.id. 
In either case the ejection and/or restraint system can In.. 
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important eííecte on the angular attitude and rate of the 
separated capsule as it initiates the complete exposure 
phase of it» trajectory. 

Assuming a capsule in. parallel orientation prior to 
ejection, if the capsule is allowed to tip-off the rear remtr&int 
of the carrier when nearly separated» a nose-up moment will 
be generated that could induce a significant angle of attack 
and/or pitch irate on the capsule. If the aerodynamic frequency 
of the capsule were such that approximately one.'half cycle of 
motion would be achieved during that time in which the capsule 
traverses to the base of the carrier, the normal force on the 
capsule during this critical time would be such «1 to displace 
the capsule away from the carrier, or at: least tend to cancel 
... the effect of any carrier field in.ño.. In such a casa. the 
actual .flow field existing around the parent vehicle may even. 
I:.* relatively msignifit.a;.it, ... the only parameter of real 
importance would be the ejection velocity required to cause 
cap side emergence against a. possible adverse aerodynamic 
force distribution during partial exposure.Even if no tip.oil 
occurs the ejection thrust device may be employed in such a 
way" as to provide a. preprogrammed angular attitude or rate 
at: emergence. Thus the ejection and restraint système and 
their possible effects on establishing cap suie initial conditions 
f 0 r c 0 imp 1 e t sí exp o s u r e a r e ot he r i nip 0 :rta nt p a r a ni et e r .3 that: 
must be weighed when analyzing the dynamics oí a particular 
body in side separation. 

The restraint system employed for the study of aide 
..sparation in this report is one in which no axial or rotational 
translation with respect to the carrier is allowed during th 
partial exposure phase. As indicated in the following sketch, 
the rear restraint is fixed ..dative to the carrier; the for.. 
restraint is fixed axially to restrain the.cap.ï ule longitudinal!). 
and. in. pitch but is allowed ... move vertically.with the capsule 
such that its contact point is maintained until release of 
restraint. The ejection force was applied to the capsule mass 
as a step ... until ..lease of restraint, except in the case 
of the sphere. For the sphere the ejection force was applied 
throughout, partial exposure but the restraint was assumed to 
b e r e rn ov e d at ap p r oxi ma t ely h a If exp 0 s u r e. 
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Carrier 

i Capsule 

Forward Reiitraínt .■ 
(Contact point move» 
V e r ti c a il y wl th c ap ■ ul e ) 

I 
Rear Ileatraiftt 

Ejection Force 

(2) Cap.suie Motion During Partial Exposure 

Capsule motion under the influence of carrier restraint 
with incomplete exposure to the flow field wan csilculuted, a* a 
function of ejectic.a thrust level. Co.instant thrust 1« a»Burned 
to be.applied during the entire ejection event,, ..ou sly 
falling to zero at the me.merit of complete capado expo.Hire. 
As the ejection velocity is increased by increasing the ejection 
force level, the time ... the ... force is applied in 
reduced, .since thi.. force acts only to the point where complete 
expoBure im established. 

Partial results of this analysis are plotted in Figure 32, 
which pre,Bents ejection thrust required as a function of capsule 
velocity at the instant of complete exposure. The plot exhibits, 
the effect of capsule type on ejection thrust requirements for 
the "standard1" set of problem parameters and for the particular 
type of restraint assumed.In the case of the sphere, no friction 
force was assumed to act du:.ring emergence. For the flared 
c ap s ul e and c yli nde r i n no r m al o r i e ntat ï c> n, tin © c ap s u 1 e - r e b t r a i rit 
contact 'win,s a line contact, i. e., a cylindrical surface against ..it 
flat surface. For the flared a.. in ..rallel orí.... the 
contact surfaces were flat, i. e., the capsule baae against a 11.it 
restraint surface. It is if.^mediately evident that: the flared 
capsule in normal orientation (flaire tirstj has the tnoal 
favor abi (ï © j e cti on fo r c e » velocity char act er i b tic s. 111 i a oil. 
cutniatance is ascribed to the flare surface pressure.listril.. 
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which in the ej«cdön proc«»*, and which, ciwte» 
ejection velocity at the in,étant of complete «pónur* to be 
finite at ail force levele.Intermediate .fore« requirements 
apply for .the cylindrical, cap sal« ejected In normal orienta¬ 
tion, while the flared capsule in parallel orientation and the 
sphere have approximately the greatest, and equivalent, force 
requirements due, primarily, to the pressure distributions 
which oppose the ejection during the partial exposure phase. 

In order to examine the effects of individual problem 
parameter8, the arbitrary criterion of a minimum or near 
minimum {within the resolution of the computational process) 
ejection velocity at the instant of complete exposure wai 
i mp o i ed on th e e j ec fi on s y « t «s m, and tile Í© r c e :r e qui. r e me nt; « 
for that condition were determined for all the parameter sets. 
In the determination of the required force levels, 100 pound 
increments or greater were used In general, In. view é£ this 
rather gross increment, minor effects of some of the param¬ 
eters may be obscured or lost but importa..it. trend* are.ne.rer« 
tíllele s» exhibited. Minimum required ejection velocities ware, 
with this force increment, not obtained in certain instances. 
What has been used, then, to represent "minimum" required 
.velocity.fs nome nominally low value characteristic of the 
given capsule type, 

The result* of this single parameter variation anally a is 
are nummarined in Figure 33, wherein is plotted as a function 
of the respective parameters the ejection force corresponding 
t c» th e ' ' mi ni m urn.11 a c c ep t e d e j e c tl on   e 1 o c 11 y, Th e f o 11 owi mg 
observation.® are drawn, relative to this analysis. 

(1} Altitude and. Mach number [to 5.0) effects (Fig. 
lire. 33, (a) and (b) ) tend to correlate an a free.stream 
dj   mi c p r e u s ur e e fie c t, Howe ve r, a r ep r e s e nt atlv e 
Mach 15.0 calculation for a flared at 85,01)0 feet altitude 
yield® a similar ejection force requirement as for the 
«ame capsule at Mach 2.0,. 50,000 feet altitude. 
Apparently the large loss, in dynamic pressure 
a s «i o c i at e d w i t h th e bow s h, o ck a. t h yp e r s o ni c sp e e d » 
in val i dat e s th. e c o r r e lat i on. o n f r e e -- • t r e a m dynam i c 
pressure in the hypersonic regime. In that range a 
c o r ir elation on th e loc al dynami c p r e s « u re field, may 
likely be found to exist. 



(2) For the particular typ® of reatraint it a sum ad, 
it is seen that friction coefficient fata a substantial 
effect on force requirement» for the cylinder in normal, 
orientation, and the flared capsule in parallel orientation 
{Figure 33 (c) ). Far the sphere a friction coefficient of 
zero was employed so no variation ia shown. The data 
of Figure 33 (c) at a value of «ero for the coefficient of 
friction indicate the relative magnitude» of aerodynamic 
force» resisting ejection during the partial., exposure 
phase. It is seen that the sphere and flared capsule in 
parallel orientation have the greatest resistance to 
emergence during the partial exposure phase. Aa stated 
previously, the flared capsule in normal orientation 
requires only a «mull force to initiate ejection,;! there» 
after the aerodynamic force distribution on the capsule 
insures that ejection will be completed. 

(3) Further approximations have indicated that, in the 
manner in which it was varied, capsule weight-to-drag 
area ratio has a moderate effect on ejection force require¬ 
ments. With constant geometry and increasing mass, the 
effect: is to increase force requirements somewhat. At 
a given value of carrier acceleration, this effect can be 
attributed to increased capsule bearing force on the rear 
restraint due to the increased inertial force with increasing 
mass. Thus, the frictional resistance to ejection is in¬ 
creased at: a constant value of friction coefficient as the 
mass is. increased., A moderate effect on ejection force 
can also be attributed to carrier acceleration where again 
tíre inertial bearing force of the capsule on the carrier 
rear restraint in an axial direction will produce increased 
resistance to ejection through friction as the carrier ac¬ 
celeration is increased. 

exposuri 
expo»are 
taken, oui 

(4) If the capsule is to be restrained during the partial 
phase, the aerodynamic moments imposed by 
of the capsule to the carrier flow field must be 
by internal restraint moment«. As would be 

expected the normal orientation mode in partial exposure 
imposes the greatest bending moments on the capsule. 
As a typical example, under the conditions stated for the 
standard problem configuration the aerodynamic moment 



I refer red to the capsule center of gravity) of the flared 
body in parallel orientation was calculated to be approxi¬ 
mately 600 foot-pounds. Under identical circumstance« 
the aerodynamic ra menta of the flared body in normal 
orientation and the cylinder In normal orientation were 
approximately 3, 800 foot-pound*. Over the range of 
cases considered {Mach 2 and 5, altitudes of 50a000 
and. 100„000' feet), the bending momenta in no-mai ori¬ 
entation are consistently about six times greater than 
those characteristic of parallel orientation. 

b. Complete Exposure Phase 

The relative trajectory of an ejected capsule commencing from 
the instant of complete exposure (and removal of carrier physical 
restraints) is discussed in this section, and comparisons are made 
among the several capsule types, considered. Trajectories are pre¬ 
sented pictorially in Figures 34 through 40; environmental conditions 
and computational results are summarized in Table VIII. Zero 
angular velocity is assumed as an initial condition of the parametric 
analysis ; the effect of finite initial angular velocity is examined in a 
particular case. Ejection velocity was taken as a parameter of the 
computations with the minimum value of the parameter taken to be 
consistent with, those accepted as nominal "mínimums" of the partial 
exposure force analysis. Favorable high pressures, which exist ^ 
between the carrier and capsule when the capsule is in close proximit 
to the carrier vehicle are neglected; hence, the ejection velocities 
herein presented may be conservative.. 

Flow nonuniformity was considered in a representative hypei - 
sonic case (Mach 15.0). The results of the nonuniforrn flow field 
computations are compared to those of the same case (Iable VIJ.1J 
where the flow field was assumed uniform at averaged values of the 
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flow varUbl««» la all other cast» {Mach 5. 0), the assumption ol 
flow uniformity (except for shock encounter) i® reasonably valid, 
according to section IV. A. 1. Free-stream conditions were 
assumed in the carrier side flow field for these cases. The sig¬ 
nificant observations relative to the complete exposure «Ide sep¬ 
aration calculations are discussed in the following paragraphs. 

(1) Due to the inherent static stability of the flared capsule 
large angular displacement®, veloclti.es, and accelerations 
arise in the instance of normal orientation. This considera¬ 
tion may be of importance if sensitive or structurally weak 
instrumentation or components are part of the capsule system. 
The 90 degree angle of attack condition is one which would not 
be encountered at any other time during the trajectory of the 
capsule to ground impact, and as such might require a capsule 
structural strength, well in excess of that which would be 
necessary for the other portions of its trajectory. 

(2) The assumption of flow uniformity in the hypersonic 
case doe® not seriously affect the prediction of displacement 
of capsule center of gravity from the carrier vehicle base 
(see TableVm and Figures 39 and 40). It does, however, lead 
to a probable underprediction of angular displacement and 
angular acceleration. (Since the restraint and ejection systems 
were assumed not to disturb the capsule in pitch, the assump¬ 
tion of a uniform field allows the capsule, ejected in parallel 
orientation, to remain at aero angle of attack through its 
trajectory. ) The slight turning of the capsule trajectory 
toward the carrier base, which is observed, at an ejection 
velocity of 7. 73 feet per second (low), is ascribed to the 
local in-flow in the region near the vehicle. Further from 
the vehicle, the local flow turns outward. A capsule ejected 
at; twice the above velocity encounters this out-flow with 
resulting absence of the tendency to turn its trajectory toward 
the carrier base. The angular motion in the latter instance is 
substantially greater than that at the lower ejection velocity. 

(3) Since the investigation of restraint and ejection was not 
a basic part of the present program, the assumption oi *ero 
initial angular displacement and velocity was made. It is not 
to be inferred that an ejection system which can yield this 
initial condition is necessarily practical. In order to ascertain 

; t ■ 
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to §01X10 degree, the consequences ot sn initially Unit® angular 
velocity a case has been examined in which initial pitch rate 
is a parameter. Fixed conditions were a* followst 

Mach number - 15.0 

Altitude - 85,000 ft 

I! 

4 

Carrier flow field - Averaged uniform. 

The're suits of this investigation are shown in Figure 41 where 
the pitch rate parameter has value» of 0, -0.1, -1.0, -5.0 
radians per second with initial angular displacement aeru. 
The»« data Indicate that at an initial favorable pitch rate 
of -5 radians per second (nose away from carrier vehicle), 
the lateral displacement at the vehicle base is Increased by 
approximately 25 percent over that of the aero initial, pitch 
rate condition. The capsule frequency is such that slightly 
more than one and one quarter pitch cycles were experienced 
in traversing the distance from the capsule stowed position 
to the vehicle base. Thus, the initially favorable effect of 
angle of attack disappears after a time and become» unfavor¬ 
able as the angle of attack becomes positive. Ideally, the 
capsule frequency characteristic which, results in one hail 
cycle or less of angular motion during transit along the 
carrier is optimum from the point of view of separation. 
In those instances in which this frequency characteristic 
exists it would be desirable to employ a restraint-ejection 
system which can provide an appropriate initial angular rale 
and/or displacement. 

To supplement the pitch rate investigation, for which a 
uniform flow field was assumed, a case was calculated tor a. 
nonuniform field with an initial pitch rate of 5 radians per 
second. The resulting trajectory is plotted in Figure 40 along 
with the equivalent trajectory at zero initial pitch rate. The 
in-flow characteristics of the nonuniform flow field reduce 
the favorable effects of initial pitch rate, though a small 
advantage of Ditch rate still accrues. 

It 
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SECTION VI 

CONCLUS IONS 

Conclu.Ion. which h»v. boon d.rtved Ixom the th.c.»«ttc»l »tu^ “£ 
ä ® ip Ht T A t iû n dyift'm 1c $ íé r üi *ammârla«d, ln thi» section. Th« result» reportad 
heroin aro Indicative oí «ali.llc trend, and are ^menable to (recommend, 
experiment and Improvement. Char.ct.ri.tic. oí the •jeoUon enviro . 

are iir.t eummariaed. The ej.ction and »operation P^Ce9‘ l, ^“ *f . 
term, oí the problem parameter, relative to pertinent combination« oí 

cap mul# typ« and cat fit r « jt ctloE rtgloiL 

I» the super sonic range t eay up to Mach number Ï.D* flow i£i«ld» 
around pointed bodie* approach unitor ni condition, at dietance. . it ol the 
body no., of .1 to 6 body diameter., with value, oi Mach ’ 

ol th* ñoc oi abor t 6 body diameters. At hypersonic Mach number», for 
blunt nooed bodie a of practical length, the Mach number in the aide flow 
field do*« not appreciably exceed 5.0 at any pe»int. 

Of chief interest are two cap «ule types* the cylinder and lhe hemisphere 
cone-flared 'cylinder. Conical configuration» have been considered m nose 
separation. The flared capsule is pertinent in no., sepa ratio,, ami In . ., 
and base election.; it has been treated in detail m the . d. ejection ca.e. 

I« ni »it hi ... f *í\ .. .üiiia ..uMu .biiil Lu. ma iiim iiiiiu i ill 1 (1113: 

mili 

The cylinder has been «aamined both in »id* and base ejections 

The thrust required for nose separation is within the capability of 
feasible explosive devices. When directed through the nose center oí 
gravity at an angle which i» neither axial nor transverse such o.iv. 
thrust may be inefficiently employed. A preferred alternatlie » UmS»--- 
this thruat transversely to the note axis if lateral acceleration limite ait 
not exceeded by each a technique. Friction, which would arlee between Lie 
nose-carrier vehicle contact aurfaces, would be minimised by >«*»■ “ 
r0Uer bearings, for example. A Linear correlation on dynamic pr.e.uie 1» 
found to exist in establishing thrust requirements ï a nose separatum. 

In bane separation the angle of ejection i» again critical. I he ..I. 
requirements on the ejection system (thrust) occur for ejection along the wake 
core, especially at large value » of carrier deceleration.. Required éjection 
velocity decreases materially if the combination of ejection angle and capsule 
stowed position results in wake penetration ahead of the wake throat. In wak« 
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rauch greater than tho.e characteri.Uc of parallel orientation. Con.equently 
capsule strength requirement* in. bending {and the strength of the restraint 
system) are proportionately high and may be crucial in selection of 
orientation mode. 

Capsule type is more or les# important with respect to the other side 
separation parameter». The effect of carrier acceleration In negligible for 
all types. Capsule weight-to-drag ratio affects force required moderately 
in the upper range of the parameter, principally through the weight term. 
Friction coefficient is most significant for the cylinder in normal orientation 
and for the flared body in parallel orientation. Mach number and altitude 
effects tend to correlate as a free stream dynamic pressure effect in the 
supersonic range around Mach 5,0. At hypersonic Mach numbers the los# In 
dynamic pressure suffered across the carrier vehicle bow shock wave 
Invalidates this correlation. 

The effect of flow non-uniformity, which arises importantly in the 
hypersonic range,is small measured in term» of capsule trajectory character¬ 
istics. Large angular motion is revealed,, however, when the assumption of 
flow uniformity is removed. 
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APPENDIX 

EQUATIONS OF MOTION 

The sepa ration condi tiona and trajectories pertinent to the present study 
.up... diverse: and unconventional as to make expedient the development 
of equations of motion, specifically appropriate in. the particular cane.. In base 
separation, for example, the motion of the ejected body is analyzed either in 
one.degree.of.freedom or three-degree.of-freedom depending upon the angle 
of ejection. This.appendix, present# the motion equation« employed in the study 
of : 

(1,) Nose separation 

(2) Capsule ejection from the carrier vehicle: base 

(3) Capsule ejection from the carrier vehicle side. 

A. Nose Separation Equations of 1.lotion 

Separation of the nose of a. missile from the afterbody is initiated by a 
thruster unit mounted at the nose base. The force provided, by.the thruster 
can operate in any arbitrary direction from any point in the 'base. 

The calculation of the separation dynamics involves three.degree.of- 
freedom computations for the nose and for the afterbody. The force between 
the nose and afterbody is calculated while they are in contact and appears in 
each set of motion equations. In addition, friction forces which, result from 
the sliding of the nose against a shoulder of the afterbody are included. 

Aerodynamic force coefficients for both the nose and the afterbody are 
computed as functions of angle of attack. The change in Mach number during 
the separation process is small so that change of these coefficients with Mach 
number can be neglected. .As separation proceeds, the front; face of the after¬ 
body becomes exposed, The aerodynamic force coefficients associated with the 
afterbody vary, therefore,, as functions of the linear and angular dl»placements 
of the nose and afterbody. 

The motion is represented with respect to earth fixed coordinate axes, x 
horizontal and y ..ositive ..ward. The origin of the inertial frame can. be chosen 
for simplicity. For convenience, a seco:.id moving frame, ( £ , 17 ), is employe.. 

I...I. AFOSR.109 



lllllllBIHinilllH 

Thl».irame I« rigidly attached to the nose center of gravity,* with £ lying along 
the longitudinal axis* positive forward, and completing a. right-handed system 
in the plane of rotation. These axes are indicated in .Figure A»!; 

The equations of motion of the ... are: 

mn xn “ ’ ... A;n y cos ®n " CNon an V2n An sin 0n 

+ ï.n, (cob #n + |i, sin 0n) + T cos (<jn + tT) 
gjl wBtt 

A Ê. 
n An 2 v n mnV„ » - C.. A J, Y2, sin 0n + ..... an ..Zn A, cos.... 

“ mn g +- Fn.b (sin 0n - jx a:.. 0n) + T sin ((1,,,, -1- rT) 

«i 

^ *n * + CM»n “n \ T < dn + ^ A» 4» { v\ 

+ Cl n Un 
An ^n. "T ^ n " (¾ M ^„1 n 2Vn "n "'n 2 n .... ' la 

'"I” .1. {’j|i,t»p sin. Ir|>i f-jj-i cci'iii lj) 



Pin* ^irtpinpiniüiiip 1 . 

wheje Fn^ i® the contact force between the nose and afterbody, and 

The equations of motion for the impowered afterbody are ..»anted in 
terms of the ¡»ame fixed coordinate syutem. These equation» are: 

mbxb * - (CAb + AC,Ai,) Ab & V2b cos 11 b - (CN(l}.ab + ACNb) Aby vf, sin0,b 

- Fnb (cob 0n + (i sin 0n) 

....HsinSb-MCH,...ab + ACNb)Ab|*1.2b co# Öb 

mi 

t 

■■ 

s' 

«II 

,11»,. 

... mb g - Fnb (sin en - M con 0,.,,) 

.i, 

% h.8 -1.icM,]lbab -1...CMb) Ab db Y vb + (cl.Iqb + ACMqb) Ab dby V| 

+ ^.M4b + Ai.Milij,;'1" .Ab db T V it.‘"zVb. 

+ Fnb |[ cos ..a - 0b) + (i sin (0n. 0b)j 

+ j I* cos (§n - 0b)   sin (0,1  it ) J hh J- 

where, in this cane, all moment coefficients are referenced to the nose or 
..chicle diameter, and: 

.. 1/2 
vb ■ + y y 

The symbols employed in the above equations are defined in the List of 
Symb.als. If the afterbody.:isi powered, appropriate thrust terms can be added 
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io th« afterbody equation». Certain remark« about these representations of the 
motion equation,» and the klnematical relation« employed follow. 

' The aerodynamic fore« coefficients employed in. both body and noee «quations 
are conventional. The differential coefficeintterms involved in the body equation« 

rap re« «nt the effects of nose di »placement. Tor «cample, consider axia force 
coefficient of the body, (CAb + With the no.« in it. «^mal po.ltion, the 
quantity CAk repreaent. the entire axial force acting on the afterbodyi A^Ab iB 
Bicro. As th« none ..removed from the afterbody, the term, ACAb becomes 

' finite,, increasing in magnitude in proportion to the amount of afterbody frontal 
area which become, exposed. For computational purpose» ACA,:) h« beentaken 
..ortional to (8ri - %}, the difference ini.attitude angles, and to %, the lateral 
position of the ..Iter«.ody contact pc.lot measured in the no»«.attached co¬ 
ordinate ay stem. Similar considerations, apply to the other ... coeffi¬ 
cient». Some of the Incremental ... in the above ...»ion, auch m , 
are almost ..sible to determine or will be of such a magnitude to allow th.mil 
to I.. neglected. A...... of interference effects Is ..lined in section 

!¥, C. 1 of thi® report. 

Th© mi...of th.! thrust which ... employed to initiate ...i i» 
tap....anted by tins term T. The thrust axis is.is..lined to be inclined at an 
akgl.s, rT, to the longitudinal axis, and the.quantities, {kj, 1T), are coordinates 
of the point at which the thrust if...stive (see Figure ...2). 

In general. a.. the ... slid».. on the afterbody, contact; is maintained 
....en the ..it, re.. face of the nose and the .dge (shoulder) ^.. the aft«.'lx.dy. 
In the i.Absence of friction the force betwee.ï the afterbody and the no.. is . 
..rmal to.the flat rear face of the nose, i.e., pa.raí. I el. to the longitudinal a:ias 
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oí the no«e. The sign on the I:.. force, |,tFi;ib, is determined from the 
velocities along the 1) axis oí the contact points on noss And shoulder oí the 
afterbody, positive when, the velocity in the inertial frame of the contact .point 
on the nose is greater than that ... the contact point on the afterbody, negative 
when, otherwise. When there in no relative velocity, the friction force is zero. 

At each step of the computation the absolute value of the coordinate of the 
afterbody shoulder, | (ft), is computed. ... this absolute value exceeds the 
distance from the nose center of gravity to the nose base, separation has 
occurred and the force Fn. becomes zero. Also, the 1} coordinate of the after¬ 
body shoulder in computed at ..... step. 'When the a!.©lute value of this 
coordinate exceeds the radius of the none base, separation hits also occurred 
... the force F:ni)_) drops ..mu.. 

The coordinates of the ..aider of ..! afterbody are given by 

xB » xb + lb cos (0b + T'b) 

y a » y ï.. + Hisin <°b + ri.1" 

where 

» tan .1 d B 
2hB 

a constant for a fixed afterbody center of gravity location and 1^ is the distance 
..rom the ..ínter of gravity of the afterbody to the shoulder of the for.ward end 
where contact with the nose cone is established: 

where hg is the distance from .. center of g.-avity to the forward end of the 
aft.rbody measured along the longitudinal ... and dg is the afterbody diameter. 

The C and i) coot.iinate... the aft.....shoulder are given by 
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* (*a “ co® + (y8 * Yn) *lin 01 n 

% * (y# - yn) c0» ®n - t«» * xnJ 3in en 

while contact i» maintained. 

The force Pn,,» the "knife-edge" contact force between the nose and after¬ 
body normal to the L»e of the nose, w computed by employing kinematical 
relationshipi to relate the componente oí acceleration of the contact points. 
The acceleration« of the contact points in the direction of the longitudinal axis 
of the nose are.squated yielding a. relationship ..en accelerations of the nose 
und of ..body. Substitution of the ..le and body equationj in this relation 
yields an equation for in terms of ... and position coordinates. This 
relation Is solved, for Fnb and ... to compute the normal force between, 
noil«! and afterbody at each step of the computations. 

The force .1? is given by 

F"b * { <<:;Ab ♦ ACAb) 3¡5b vb A>> C0* <*n * 9b) 

- (CNttb“b + AC;Nb> Ab V Bin (9n - #b> 

ll 
+ »in (0n - #b - Tb) P ,,. 2 

(cMab tlb + ACMb> Ab db J Vb 

+ (CM(lh^CM<lb)^4vh*Ab«ib+(CMib + ACMibl^dAbdbVIl-i 

. 7 P y T COS T'-r 
+ lh °b cos i°n. eb - rb) • CAn An Imn Vn + ” m. 

In 
ïf (CMananT Vn Andn+CMqíi^4 V»¿An dn 

+ CM*n 4 Y* An dn - Tr; T) »in r. ♦ 1,, «f no» T,| -r 

“Ij2 sin (6n - 0b .. Tb) i| cos (0n - 0b) + P sin (en. - 0b) ~J 

K 1 J ■ + oin Ts {\ +p(t )j + ..3(0.11.0b).sin (0n.®b) hb rnn rnl!ii In 
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where 1,.} and T|;) were previously defined and 

A2 + £sz 
the distance from th.e nose center of gravity to the contact point on the afterbody. 

the angl.. 'between the nose longitudinal axis and the line of contact to the center 
of gravity of the nose. 

B. Ba 8 c Sepa rati on Equations 

Base separation is accomplished in one of two ways. In the first procedure, 
the separating body is deployed down the.wake core through the low energy por¬ 
tions of the wake. In the other procedure, the deployment angle is such that the 
separating body contacts the wake boundary between the vehicle base and the 
wake throat. The attempt in this case is to penetrate ..wake boundary. The 
equations of motion pertinent in these cases are derived in the two subdivisions 
of this section. 

1. Ejection Along Wake Core 

This ejection process is described as one.dimensional linear motion. 
The equations derived for this case are general and provide for various 
c ombi nati on& of e j e c t e d bodi e s. I h e y a, r e w ritt e n fo r tw o ( o r p o s s ib 1 y mo r e) 

' e j e et e d bod ie s wi th th e p o s si bility of ela e ti c inte rconne c tío n b etw e e n th e b e 
bodies. In. this case the equations representing the motions of the various 
bodies are solved simultaneously by numerical integration. In. addition, 
provision has been made for elastic connection, between the ejected body 
and the carrier vehicle. In cases where no interconnection exists, the 
sp rin g co ns ta ni a a s o ci a t e d with th e e la Stic c onne c tío n 1 s tak. e n a s z e r o, 
Where only a single body is ejected, the differential equation for the second 
..is suppreased. 

Of particular importance in the computations in this case are the 
... flow static pressure and density variation. The variations of wake 
velocity, static pressure, and density with position relative to the vehicle 
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base are described by algebraic expresniona. In the process of the com¬ 
putation» the density» static pres sure and wake velocity are computed as 
a function of body position. The dynamic pressure is then obtained as a 
combination of these quantities and the body absolute velocity. A dis¬ 
cussion of this representation is contained In sections IV. A. a.c and IV. D 
of this report. 

The motion of the carrier vehicle, and all ejected bodies, is assumed 
to be along a line making a constant angle, 0O, with the horisontaL The 
origin, for the x axis is taken to be the point at which separation, begins and 
is fixed in space. The equation« of motion are now considered. 

The equation for the carrier vehicle is; 

Kc (Xy ” Xf, “ \C) U "t ..-“y—-—•} 

where 

K is used if a pilot device is attached, by lines to the vehicle 

Kc is used if the capsule is attached by lines to the vehicle 
f 

0Q, is positive when measured     from the horizontal. 

... tension terms are aero except during line stretch, i. e., the inter¬ 
connecting line cannot supply force to separate the bodies. The damping 
is taken proportional to both the separation velocity and the line tension. 

The equation of motion for an ejected pilot: device which is attached, 
to a vehicle or capsule is given by 

mp .J> (X ■ V 'X|;. * . ..!.% "Y" iXp " W)2 
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where 

X » xy when the vehicle !» at the pppoeite end oí the line 

X «   »hen the capsule in at the end'oí the line 

is the line density per unit length, slug 11/it 

p. i8 the air density of the flow field environment in the wake, 
slugs/ft $ 

W is the local velocity of the wake relative to the »pace.fixed 
coo..din,ate system. 

When lines are employed, the mass term Pp(x - Xp) is maximum at 
X.p, or is equal to P X at the time when full extension of the, unstretched 
length occurs. Ho".river, during the period of line stretch, (x - Xp)> X , 
the effective ma.. of the lines ..taken, as 1,,/2 J0pi X . It she.. be me.tec! 
that during the time of line extension the derivative 

.i» 

n 

mp + ^p (XV :Kp) i;p 

has been taken as 

mp + /Jp K - xp) 

since the lines are pulled out of the' pack rather than being pushed out by 
a .... force. The termKp(x,v - xp -Ap) is ..unless |xv.xp.Xp) :.. 

It the pilot device is to increase Its effective drag area, as . for 
-...de - .with ... small ..a rachat.ï 0.. bailo.. this inert.. in drag' ... 
can be initiated either at a predetermined time or at a predetermined 
distance aft of the carrier vehicle. The increase in drag or effectiveness 
can, ..i ruad..instantaneously or at a pro scribed rate. 

When till.. pilot ..¡vie«.is employed to extra.. a ..ule, the motion 
e quati on, of t h e c a„p s ule i g wr itt en ; 
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+' na. + Pc fxv - xc)j g aini'0o - Kp(xc - x_ •XJ(1 Jp" 
Aj" 

_ 

ilV'tH 

P 

+ kc (Jtv - xc - X,) (i + *y_:JiS) 
R. p 

The term« Pc (xv - xc) and Kc (xv.. - ;xc » X(.]l are inserted to permit; 
attachment of the cap.mile to the carrier vehicle or to a second capsule if 
desired. Consideration» similar to those menti.... previously.apply to 
these term a. 

It should ba montionecl that the terms represt.itíng tension forces in 
the conn.¡¡cling; lines provide for a linear variation of tension with elonga¬ 
tion. ... can be varied to provide a quadratic variation during unloading 
thus rep.resenting a hysteresis loop in the connecting line material such as 
is common..with, nylon. 

2. Ejection with Wake.Penetration 

The physical circumstance which is represented is that of a capsule 
.   rea: »ward from the ba   of a     ..hie .le such that it encounters 
the wake boundary and attempts to ... it. As the capsule penetrates the 
... boundary, the dynamic and static pressures to which it ia exposed 
change. In particular, the principe 1 resistance to.penetration of the ... 
boundary results from the large static and dynamic pressure on those 

■portions of the capsule which are external to the wake boundary. Hence, 
in the motion equations it is important to obtain, accurately the areas 
expos.. to these high pressure fields. In addition, it is necessary to 
rep i.. sent accurately the wake density, velocity components, and static 
pressure as functions of position relative to the carrier vehicle base. 
This variation is represented in terms of distance aft of the vehicle base 
and distance above or below the vehicle longitudinal axis. The area ex¬ 
posed to the high preasure region is obtained by computing the coordinates 
of the points at which the capsule crosses the wake boundary. From these 
coordinates the projected areas of the capsule faces, both interior and ex¬ 
terior to the wake, p recomputed. In addition, the centroids of these areas 
are also comput.id for purposes of moment calculations. 

As parts of the separating capsule emerge from the low energy 
r eg:ton of th e wake, 1 arg e moment s ax e i mpo s ed upon it, Con s equ e ntly,, 
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Large angular acceleration® may be anticipated. These large angular 
■* acceleration* can seriously affect the relative velocity of air with respect 
..... to the. faces of the separating 'body, depending of course on the exposure 

tima and the moment of inertia of the body. This ia considered in the 
formulation of the computation procedures. Eight faces of the body are 
considered, and the total relative velocity of these faces with ..«pect to 

1,1 the nir is computed as the vector sum. of the velocity of the center of 
gravity of the capsule» the Linear velocity of the face induced by rotation, 
and tins wake velocity at the centroid of tins face. 

The equations rcpre senting litree- degree.of-fr eedom motion of a, 
capsule in the ..of a, carrier vehicle are of themselves relatively 
straightforward. Hod.rever» the repre»entation of fore.ï and momenta 
on such a capsule is complex. 

..notation used is similar to that given, prevlou.. In ..addition, 
the ... Ö repress.. the angle ..tween the capsule longitudinal ... and 
tli.6 space-fixed x axis. An before, the carrier vehicle mol.Lon is unili,.1,11.111 
along the x ... Figure A-3 «ha.. the axis system. 

Capsule 
longitudinal 
axis 
«.-.—. 

(xc, yc) 

Fig. A.3 

The equations of motion then, ..scanne : 

% 
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I.Il S.lili...1...... ....Nil.Ill 111.ill.Ill.Ill.il...SI.I» 

For the vehicle 

mvVv » - (CdA)v \¿ + mv g sin Y0 

For the capsule 

mc x,c » Fx + mc g «in Y0 

mC Vc * Fy 

ic ë » Mcg 

Again, in this case, motion is assumed to be along a. fixed path angle. 
The direction of positive 0 and. positive moment M is Msumed ... 

An mentioned previously, considerable complexity occurs in 
..pres.eating ..... and moments on itie cap.tule during wake- 
penetration. Preliminary calculations indicate that high angular 
veloc iti e s of th e cap s ul e a :r e ,.0 Ifac ant ic ipat ecll! during wake p © ne I. r * ti oíi. 
Hence, in computing the linear velocity of each tace oí the capsule, 
account must be taken of ..velocity induced by rotation. This 
rotationally- induc ed velot:ity will rY app r®ci®-hly *cro® s a fac e. In 
the representation of forces and. moments, this variation in ve!o<.ity is 
accounted for by dividing the surface of the capsul...» eight half faces. 
These, half faces are determined by a plane normal to the x.y coordinate 
plane which includes the ..ngltudinal axis and a ... plane at ... 
angles and passing through the capsule center of gravity which divides 
the capsule in halves longitudinally. The result is a capsule with two 
half faces .....a the for.. and aft end.and, ... a cylindrical, capsule, 
four half faces formed by th.. cylindrical ..action, ..sack half tin.lengtt.it 
the body and semicircular in the other dimension. — two half lacen on the 
... of the capsule and tv.. on the top. The velocity of each half face 
is taken to be the velocity.if the centroid of the half face. The angle.of 
attack of ..... half fat.. is the angle of attack at the centroid. TU» 
analysin 'ivas conducted for bodies whose 1),1.3.1188 oí symmetry aie •.haiac~ 
teriaed by right angles between_ail faces,.i, e. » cylinders and rectangular 
shapes. 
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TMb Involve«, then., determining at each step of the calculation eight 
attitude angle#, eight velocitien, and at least eight angle« of attack.face» 
jut® designated 0, l, 2, 3 and half faces by a plus or minus, In this nota¬ 
tion, the absolute velocity of the centroid of half face j+ or j- is given by 

ij « kc - Kj Ô sin (9 + Tj) 

y,;|  fc + Kj Î coß' (I + Tji 

(j « 0, 1, 2, 3) 

.... i8 the distance from the centroid of the half face to the capsule 
center of gravity and Ti is the angle between the longitudinal axis and the 
lia© from the ..inter oigwity to the centroid of half face j+ or j-. 

The air flow angle as seen ... ... points will vary depending 
upon.whether 'the point is inside or ....lid«.the.«¡ike. Hence, it in.nee es- 
nary to compute these, flow angles and angle# of attack for conditions boLL 
..designated by a subscript w„ and external to the ... - designated 
by a sub.icript E, Thus, for half face j-l.or j., the air ... angle, Yãy i» 
givei.i. outside the wake by 

ban 7., » hill (j - ». 1. 2, 3) 

JE *s ■ wx 

... inside the.. by (assuming ..it transverse wake velocities are 
negligible) 

ta.a 71.1 i.-—j1—. (j * 0., 1, 2., 3) 
Jw Xj . W 

Here W,, and "W",,, are velocity comp.».re.. of the air outside the wake at the 
centroid and W î.. ..wake ....city along x at the centroid. These ..1.... 
..lined by ... stud).of the ....tructure, are programm.. into the ..am¬ 
putation a.* funetioiMi of M&ch number, distance aft oí the parent vehicle, 
and. ..... the wake boundary. Simili.ir variation.. in .ti..lie pres. 
sure, P , and density, ,1°1 ..re ..... The angles oí'... oí face jf. 
or j- are given by 

.... .. 



ttjE “ ..'Je “ (ö + jir/E) 

«% ■ r<ljw • + j 1T/2) 

|j o» 1» 2* 3) 

The forces of each, half face are obtained «,# the product of area, the 
component of pressure normal to the half face, and a pressure coefficient. 
..parallel to a fací.i» assumed to contribute no force. Thus, the net 
force» along x and along y are composed of eight parts. 

F « F + F ' + F j + etc 
' x. ".Ko x0. xj,+ 

Fy “ 1.... + Fyo- + + e,:c' 

For face j+ CMf j- 

* 

Aj ) cos (0 *1- j n'72} 

thu», : 

where the negative sign de.lotes the drag direction. The ... Pßjg la 
used if il'..:..|¡£i, < 3 ir/2. PFjg- ..used.'tin.... This .:hang.... 
a s so ciated witK 1th e u s e of ba s et"" or f r oml: al a u rfac e p r e s a ur e coeffici e nt s 
associated with the appropriate type of surface, i. e. , whether the sur¬ 
face is flat or cur.. 

Similarly aj^ is associated ... ^ and Ppj.....j is the total 
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'! . arm of the half face and Ai.,¡, i» the area of the half face, which it external 
i| ‘ to the wake boundary. 

' The terms Pg and Fy are defined iub follows : 

V’ij.,,,2 cob2 ttjE + Pi]E 

...je2 co«»21 »jE + P«E 

Till,I 7 COB2 111,1 + P- 
Jw* Jw “w 

p£jE * cDb T. 

Pr 
Pir* ä Cn^t .. 

,;Ie Dp 2 

Fill/ I.|ii if* " ' '' 

p®,)w Z 

Vbij^2 coe2 ft.jw + I.I#w fj a Q( 1» 2, 3) 

where Pgy. and Pg are static pressureai at the centroid. The ... 
«i... above are given by 

F p 
JW 

.Pw 

..2. 

In terniiB of the above notations, the moment» are simply obtained: 

M » M0+ + M0.+ etc. 

Mj.. - - Bj-g ■ «j-E - Bj.w • arw 

>*|t « Bj+ • «j+w + Bj+w • »¡.^ Ü * >■ 2- i) 

where aj is the moment arm of the: centroid of the exposed portion of 
half face j“ and su is the moment arm, to the centroid of the portion of 
half face j” within the wake. A. similar »taten»nt applies to half face j.•h 
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Tie detail a of the computation of the quantities a.jE and ajw are not 
: » given here. The area’s associated with partial, exposure of the flat faces 

of a cylinder are determined as part of a circle cut by a chord, while the 
1 appropriate centroid of this area is computed to obtain the center of pr®»" 

sure. The projected area of the curved faces when partia.Illy across the , 
wake boundary is obtained by approximating this area as a trapezoid. 
The centroid of the trapezoid is obtained for the moment calculations. 

C. Si de Separat! on Equationa 

The motion of a capsule during side separation is analyzed, in two phases, 

namely 

PJ That during which, exposure ie incomplete, and the capsule is subject 
to ... imposed by the carrier vehicle 

i|2) That in which the capsule is free of the carrier vehicle but is subject 
to the interference £.urces and moments due to the locally varying flow field. 

In the case of the equations associated with partial exposure, particular • 
attention is required in representing the areas and effective forces of the parts 

*" .. the separating body which are...used to the air stream in the vicinity of the 
carrier vehicle. The forces are.btained in terms.if pressure coefficients .. 
exposed areas. The exposed area is obtained by computing the position, at which 
the axis of the emerging capsule that is normal, to the air stream crosses the 
carrier vehicle surface. From this coordinate and the geometry of the ... 

' it is possible to compute both the exposed a.rea and the center of pressure for this 
area. During the partial exposure phase, the capsule is assumed restrained from 

■pitching and axial translatât.. In. the computations, this restraint :L: releas.mí at 
different levels of exposure. The moments on the capsule which ... during the 
restraint phai.le of emergence are cal.ulated only to determine structural require. 
menta on this restraint and to determine iridic.nal forces opposing ejection. 

The second phase of the ...ration trajectory involves the motion ... the 
capsule in the vicinity of the carrier vehicle while under the influence of the 
flow field about the carrier vehicle. The equations to be employed in. this part 
.. the analysis represent three-dimensional ... and ...re ... in form. 
Difficulty occurs in the representation of the aerodynamic forces on the capsule 
as it separates from the carrier vehicle. Three problem areas arise, namely* 
the presence of a nonuniform flow field along the sides of the carrier from, one 
point, to another in the field* the presence of a shock front with, which the .separa. 
ting capsule may come in contact as it emerges thus causing a discontinuity in 
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the force on the capsule; and, finally, interference on the capsule due to a. 
velocity gradient distribution over the capsule caused by the field nonumformity 
over its extremities. As stated in section IV. C. 2,, the effects of capsule inter¬ 
action with. the carrier flow field are neglected. 

The variations in flow field intensity can. be accounted for by inserting the 
flow field, velocity deviations from free stream along and normal to the carrier 
axis as a function of position with respect to the vehicle, and. computing the local 
"uniform" flow velocity ati a function of capsule position with respect to the 
carrier., 

In the process of the computation, the equation of the shock front in co¬ 
ordinates attached to the carrier vehicle is programmed into the computation. 
The coordinates of the separating body are compared with the equation of the 
shod.. front at each step of the computation to determine if the separat!:.. body 
was in contact with the front. At time of contact with the shock front, the body- 
area lying on the shock front is computed. This is employed, in the force and 
mom e nul: e qu ati ons ail. ong wi th. th e p :r e s s u r e diff e r e nti a 1 a c r o s s t hi s a r e a. Ini e r 
ference effects can be obtained by a similar procedure. The interference field 
may be effectively represented in. carrier vehicle body fixed coordinates by taking 
deviations from the averaged, "uniform" field seen by the capsule. The coordinates 
of the ..rating body are'alls.- represented in the samé axis system, and the in. 
terferen.ee flow at points on the separating' body can be obtained. 

Formulations of the respective sets of motion equations,, for partial ex. 
posureand for complete exposure, are presented in. the two subdivisions of this 
section,. 

1, Partial Exposure ..'base 

The carrier vehicle is assume.::11 to be initially.traveling on a. straight 
line path.which is the x; axiq. Its acceleration, n.g, is assumed constant, 
The origin is taken at the initial center of gravity- of the sepa rating body, 
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.and the coordinate system is space-fixed. The separating body is restrained 
during a portion of the ejection phase so that rotation and differential motion 

■with respect to the carrier longitudinal axis are not possible. This restraint 
i» released when the differential y coordinate of the separating body is equal 
to some value less than or equal to that corresponding to total exposure of 
the separating body. Then during the period of restraint 

xc « rig 

0 » 0 

rnc yc -: - |i£a Fax - \\dm ™c ng - F.^ + F{y,, t) 

where p is the coefficient of friction, Fa's are the aero.dynamic ... and 

F(y, t) is the force imparted by the eje   mechanism. No   it y force 

is introduced since gravity is acting equally on both bodies. 

The Ns are determinable from the geometry oi the capsule-carrier 

restraint system. The subscripts a and rn are used to take into act.ount 

... fact that the centers of aerodynamic ..ids and mass will in general be 

different. 

The quantities Fa and Fa are obtained, by summing the products of 

pressure and projected areas of the capsule. The pressures over the parts 

of the capsule exposed to the air stream, may be approximate.. with modified 

Newtonian coefficient times the local dynar.aie pres.Hire experienced by the 

capsule. 

..! order to exclude the mathematical possibility of the frictional 

force aiding the ..jection of the capsule in the equations of motion (i. e„, 

the friction force acting in the ..¡sired direction of motion), the terms 

contributing to this force must be properly.identified by sign. Thus, when 

the magnitude of frictional resistance due tu.inertial fore.es ..di.. that 

due to Fa... and the carrier is decelerating, the absolute magnitude.: of the 

friction force must be employed with a negative sign in the latera.1 displace. 

ment equation of motion. In all other cases, since Fax 1» considered acting 

in the "drag" direction, the pure algebraic values can 1.. used to ..hi.... 

the proper vector direction of the net friction force. 
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When the restraint is released, the separating body is free to both 
rotate and translate relative to the carrier vehicle. The equations for 
this part of the ejection phase are as follows: 

mc Vc * - f"a,y + F(y, t) 

■ rnc xc a - Fa + mc g sin p 

Where 'ï and y are the axial and normal moment arms from, the center of 
pressure of the exposed portion of the capsule to the capsule center of 
gravity. 

The a.reas exposed and centroids of these areas are a...iputed from 
the geometry of the particular body and the instantaneous extent of crner. 
ganee. 

In some.cases the longitudinal axis of the separating ....:ly is at right 
angles (normal) to the longitudinal axis of the carrier vehicle. In. other 
causes,, the ..uro lo.igitudinal axes are parallel. In. the case of a sphere, 
th e or ie ntati on i s i, m mat (ï rial. 

2. Side Separation Proximity Phase 

These equations are employed to calculate .eparation ... 
during the phase while the separating body is free of the.carrier .... 
and in the £1.. field altered by the parent body. The carrier ..tíllele is 
a. s sur.ins.. to be accelerating along a .traight line path, the x axis. The y 
axis ..obtained by a counterclockwise. rotation, The ..rrier vehicle is 
assume.. to be ..rating at a rate'of.. g's, including gravity «.ffect,in 
the direction of. motion (along the x axis). The x and, y coordinate system 
iß suit..chad to the carrier vehicle no.. The interference: effects due to 
deviations from ave.rage local, conditions are denoted by a subs.. i. 
The equations of motion are ; 
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mc (*c + ng) « - CA (a) QA con 0 - Cfj(tt) QA flin 8 

- mg sin i”0 - Cj.J QA sin Y - Cp^, QA cos J 

mc yc » - CA(a) QA sin 0 +■ Cjsj(a) QA ecu» 0 

+ Cli QA cos Y - CDi QA sin y 

■ C'M't») QAd + Cy;^ QAd 

+ Cj.. QAd 

where 

Hr 

\ 

... 

a « 0.). 

uv - W 

density 

- Wy)2 

<()< »! ..i measured between, the carrier longitudinal axis and the 
capsule longitudinal axis 

11.,11, is the carri.ir ... a function of time, * u0ff) + ng(t - t0) 

u.. and Uy are the x and y ... of the relative velocity of cap.»ule 
to carrier 

W and Wy are the average.. local ..srenc." velocities imparted to 
;i the.... by the passage of the carrier and ....ibuting to 

a détermination of the local angle of attack. The moment 
coefficients are referenced to the capsule diameter, d, in 
this case. 

} * tan " Ü«.+.ul.-.Wl .It ii 

P1 » ave r a g e 1 o c a 1 s t r e a m 

i.. .(un) + ux -1.. + (u. 
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Cl, ¡i.ni Cd, ate the force increm.. normal and parallel to the mean 
J' stream direction clue to continuous stream direction gradients 

and curvature over the extremities of the capsule. 
IP’ l1!fc» 
.11,11 , :till|||. _ t 

All aerodynamic coefficients are referred to the capsule reference area 
and the local ..einige dynamic pressure. 

The values of CA, CN, CM> and CMq to be used in these equations 
are those appropriate to the capsule in a uniform flow field at an effective 
.Machi number generated locally by the carrier. The angle of attack, a, in 
iilatu with respect to the averaged local flow direction seen by the capsule. 

This effective Mach number may be taken as the average of the Mach 
.lumber existing over the length of the capsule when flow variations are 

■within the limits of the linear approximations of Moskawita (Reference 53). 
In this case, the additional term. Clj and C,Mi» due to ..an curvature 
and direction gradients, are date.: minable by ... of the velocity 
potential functions and are obtained in terms of ..aloclty variations from 
the mean local conditions acting over the capsule extremities, and the 
drag term is deleted. The mean conditions may be defined as those pre¬ 
vailing: at half the capsule length and deviations, when taken, can be 
referenced to theae condltions. 

For blunt capsule configurations or for areas of flow where large 
gradients exist, the strip theory would be employed in order to avoid the 
restrictions of linearization. The correlation of the method with wind 
tunnel data indicates satisfacto.. prediction of aerodynamic coefficients 
in a chi .."able. When strip theory is used, the effect of gradients and 
curvature are more conveniently included in single coefficients such as 
GA. CNi, and C;y;i with the deletion of the incremental nonuniformity 
terms, Le., Cj^ And ... from the equations of motion. 

The effects of ... discontinuities generated by the intersection of 
a shock.wive ... the capsule are not obtainable from the linearised 
approximation and must be determined by the strip method of calculation. 

G eo m e ï. r i c r e 1 at 1 on a a :r e e nip lo y e d t o c omp ut e th e co o r di nat e s o f th e 
outermost points on the ’base and nose of the separating capsule. At each 

• step of the computation, these are compared to the coordinates of the side 
of the carrier vehicle to determine if the capsule has collided with the 
carrier vehicle. If collision occurs, the computation is stopped. 
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LIST OF SYMBOLS FOR THE APPENDIX 

A Croa8» sectional area, 

B Force on capsule face, lbs 

Ç Force or moment coefficient, dimensionless 

fM, uaiiu <1 « 
Force, lbs 

I Moment of inertia, alugs/it. 

K Spring rate of attachment lines, Ibs/ft 

Ki Distance from centroid of half face to capsule c. g., ft 
J 

ï.! 1.lomen,1:,. ft-lbs 

P Pressure on capsule face, lbs/ft^ 

Q Dynamic preesure, Ibs/ft^ 

T Thrust force, ibs 

V Velocity, ft/sec 

V Interference velocity, ft/sec 

d. Diameter, ft 

f Restraint geometry function for partial exposure phase 

g Gravitational acceler ation, ft/ sec 

h Distance measured from c.g. to nose of vehicle along longitudinal 
a:.is ; ft 

k Damping constant associated with lines 

1 Distance or length, ft 

t Time, seconds 
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LIST OF SYMBOLS FOE THE APPENDIX: (cont'd) 

m Mas«, slugs 

n Acceleration, gravity unit# 

(x, y, z) 

{¿, y, z) 

{x, y, z) 

j"1'.*l- 

‘0 

A 

Relative velocity, ft/ «ec 

Coordinates along trajectory, ft 

Vel oc it y e o mp on. e nt a al o ng t r a j e c t o r y, ft / • e c 

.Acceleration com,portents along axe», ft/s.sc4" 

Ini tí all. path a ng le, radía n s 

Denot e s inc r e m e ntal t e r m 

Relative attitude angle, radian® 

Initial path angle and attitude angle (zero angle of attack), 
radian# 

a Angle of attack, radian® 

y ... angle, radians; direction of local velocity...nth respect 
to carrier 

Air flo.» angle on capsule face 

Ordinate of nose cone body axes systems, distance measure.. 
along this axi s 

.. Unstretched length of attachment lines, ft 

|i F r i c t i o n c o e ffi c i e nt „ d 1 rn e n si o ni e s s 

<<■' Abscissa of nose cone body axes system, distance! measured, 
along this axis 

p I.fass density of atmosphere, slugs/ft^ - or linear mass 
density, slugs/ft 
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LIST OF SYMBOLS FOB. THE APPENDIX (cont'd) 

Position angle with respect to body axe», radian* 

First derivative with respect to time 

Second, derivative with respect to time 



LIST OF SUBSCRIPTS FOR THE APPENDIX 

A Axial direction,, axial force 

B Base or leeward face 

D Drag Force 

Ë Exterior to wake or dimension« and condition« oí exponed portion, 
oí capa lile during ... exposure pha.. 

F Frontal (windward) face 

I. I.jilt force 

M I.foment in pitch 

N Normal direction., normal force 

T Denotes position of application of thrust forces 

a Aerodynamic 

b Refers to afterbody section 

c With respect to capsule 

eg With respect to center of gravity 

i Interference term» 

j Denotes capsule half face 

1 Local, conditions 

m, R e f e r s I: o no s e s e c t io n 

o Initial conditions 
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LIST OF SUBSCRIPTS FOR THE APPENDIX (cont'd) 

p With respect to pilot device 

q Slope of parameter with respect to pitching velocity 

« With respect ... afterbody shoulder;, or - in general - knife- 
contact point between nose and after!.. sections 

V With respect to carrier vehicle 

w With respect: to     conditions 

a Denotes   lope of pi     ter with respect to angle of     
dl) 
da 

CD With respect to free stream conditions 

X» y, z Refers to direction, of axes, x, y» ¡a 

1, 2, 3 Along coordinate axes 
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