A g —

UNCLASSIFIED

ap 297 807

Reproduced
by lhe

ARMED SERVICES TECHNICAL INFORMATION AGENCY
ARLINGTON HALL STATION
ARLINGTON 12, VIRGINIA

[

4 -
R At |

 UNCLASSIFIED




ROTICB: When govermment or other drawings, speci-
fications or other data are used for any purpose
other than in connection with a definitely related
govermment procurement operstion, the U. 8.
Government thereby incurs no responsibility, nor any
obligation whatsoever; and the fact that the Govern-
ment may have fornmlated, furnished, or in any way
supplied the sald drawings, specificatlions, or other
deta is not to be regarded by implication or other-
wise a8 in any memer licensing the holder or any
other person or corporstion, or conveying any rights
or permission to mamfacture, use or sell any
patented Invention that may in any way be related
thereto.




WADD TECHNICAL REPORT 80.892

2107°7

THE DOWNSTREAM INFLUENCE OF MASS TRANSFER
AT THE NOSE OF A SLENDER CONE

by
Robert J. Cresci and Paul A. Libby

MAY 1961

. . i o - ; .. . R T
. 1 NN . E N
. R - i o ' - .
B c e ‘ N ! : , v T - .
. y : : H . - - . .
) R o . do - L o - - .
. \ - H o e e W
g r— A o
s ? e T e
b . w AL "
] % B gar . Ay
- - . A - oy
- o - [ " ol . >
N 4 ¥ . voar
) L ) Y € :
‘ -2 . 5 < i
- ’ oot - .

% AD No.

0

1

]
= 13‘.:)
ey A

XEROX

POLYTECHNIC INSTITUTE OF' BROOKLYN

DEPARTMENT
of
AERCSPACE ENGINEERING
and
APPLIED MECHANICS

PIBAL REPORT NO. 634



NOTICES

When Government drawings, specifications, or other data are
used for any purpose other than in connection with a definitely related
Government procurement operation, the United States Government
thereby incurs no responsibility nor any obligation whatsoever; the fact
that the Government may have formulated, furnished, or in any way
supplied the said drawings, specifications, or other data, is not to be
regarded by implication or otherwise as in any manner ticensing the
holder or any other person or corporation, or conveying any rights or
permission to manufacture, use, or sell any patented invention that may
in any way be related thereto.

The information furnished herewith is made available for study
upon the understanding that Polytechalc Institute of Brooklyn proprietary
interest in and relating thereto shall not be impaired.

Qualified requesters may obtain copies of this report from the
Armed Services Technical Information Agency, (ASTIA), Arlington Hall
Station, Arlington 12, Virginia.

This report has been released %o the Offices of Technical Services,
U.S. Department of Commerce, Washington 25, D, C. for sale to the
general public.

Copies of ARI, Technical Reports and Technical Notes should not
be returned to the Aeronautical Research Laboratories unless return is
required by security considerations, contractual obligatidns, or notices
on a specific document,



WADD TECHNICAL REPORT 60-892

|
H
¢
£
A
i
i

THE DOWNSTREAM INFLUENCE OF MASS TRANSFER
AT THE NOSE OF A SLENDER CONE

Robei’t J. Cresci
Paul A. Libby

Polytechnic Institute of Brooklyn

MAY 1961

SR

PAN———

Materials Central
Contract No. AF 33(616)-5944
Project No. 7364

Aeronautical Research Laboratory
Contract No. AF 33(616)-7661
Project No. 7064

Aeronautical Systems Division
Air Force Systems Command
. United States Air Force
. Wright-Patterson Air Force Base, Chio

-




{
E
R

FOREWORD

This report was prepared by the Polytechnic Institute of Brooklyn §
under two contracts. The experimental work and data reduction were . |
performed under USAF Contract AF 33(616)~5944; the theoretical cnalysis,
interpretation of the data, and preparation of the report were performed
under USAF Contract AF 33(616)~-7661. The contracts were initiated under
Project No. 7364, "Experimental Techniques for Materials Research,"”
Task No. 73652, ''Intense Thermal Energy Tiransfer Into Materials," and
Project No. 7064, '"Research on Aerodynamic Flow Fields, " Task No.
70169, ""Thermal~Aerodynamic Characteristics at Hypersonic Mach
Numbers, ' respectively. The work was administered by the Materials
Central, Deputy of Advanced Systems Technology, Aeronautical Systems
Division and the Aeronautical Research Laboratory, Air Force Office of
Aerospace Research, with Mr. Hyman Marcus and Lt. John D. Anderson
acting as -project engineers, respectively.

The report covers work conducted from February 1960 to
February 1961.-

. This report was prepared by Dr. Robert J. Cresci, Research )
Assistaut Professor of Aeronautical Engineering and Dr, Paul A. Libby,
Professor of Aeronautical Engineering and Assistant Director of the
Aerodynamics Laboratory. ,

The authors are pleased to acknowledge the valuable assistance
of the hypersonic and computing staffs of PIBAL in carrying out this
research, and of Professor Lu Ting for suggestions concerning the analysis
of the shock stand-off distance,




ABSTRACT

. The influence of localized mass transfer at the nose of a slender
cons under hypersonic flow conditions has been studied by experimental
and theoretical means, Two gaseous coolants, nitrogen and helium are
injected through a porous plug subtending a half angle of 30°. The effect
of the mass transfer on the shock shape, pressure distribution, heat
transfer and transition are investigated. The experimental work involved
tests in the Mach number 8. 0 tunnel at PIBAL, The theoretical analysis
involved a study of the effect of mass transfer on the shock stand-off
distance and leads to an inviscid flow parameter permitting the experi-
mentally determined shock shape and pressure distribution to be extra-
polated to other than test conditions and to other coolant gases. There
is obtained the maximumn value of this parameter resulting in no signi-
ficant alteration of the pressure distribution on the cone and thus
defining the flows in which beundary lay=r type of similarity applies.

Significant reductions in heat transfer are obtained with injection.
Indeed with small amounts of helium injection the peak heating is found to
occur dewnstream on the cone and to be’an order of magnitude less than
would occur at the stagnation point.without mass transfer, With nitrogeh
early transition is found to occur so that local heating rates are actually
. increased over those prevailing at the same Reynolds number without
injection,
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: ' \ I - INTRODUCTION

. .
hd -

. The use of mass transfer for the reduction of heat transfer has been
S . the subject of considerable research in connection with high performance .
propulsion systems and with hypersonic flight, As a resilt a variety of heat
: : protection systems, some involving mass transfer have been developed,

’ ° The research reported herein pertams to the use of localized mass
transfer for the reduction of Heat trangfer in the nose region and on the
downstream conical ‘portion of a slender ‘cone, - The system considered is

nost made of a porous material through which a gaseous cooldnt is injected,

The coolant has two effects on the heat transfer' it reduces and absorbs the

.- ) heat transferred to the spherical regmn and reduces the heat transferred to

. the downstream conical portion of the body. In addition, "the coolant can
alter the shock shape and the pressure distribution on the body.

. . : This localized mass transfer system is coriceptua.lly' similar to the
. system studied in reference 1, There a hemisphere cylinder with a porous
. plug subtending an angle of roughly 10~ with the axis of symmetry was
. considered, The gaseous coolant injected through the plug reduced the
. “ee ° heat transfer at the stagnation point and on the, downstream portion of the
. o hemisphere. The coolants tested were helium, nitrogen, argon and
’ krypton, . . '

S . In considering the similarity conditions for these localized mass

transfer systems the present authors in reference 1 distinguish between

e two types of flows; those in which the coolant is introduced into a classical

. . boundary layer w1thout significant alteration of the inviscid flow as shown

: in Figure'lb, and those in which the entire flow field is influenced by the"

coolant flow as shown in Figure lc., For the first type of flow, similarity
conditions based on’ the boundary layer equations are a.pphcable and can
be employed to extrapolate test data to other Reynolds numbers and to

. other Mach numbers if the pressure distribution is Mach number insensi-

) tive, On the other hand, flows of the second type lead to stringent similj-
tude requirements; indeed, no extrapolation of test data to other Reynolds-
and Mach numbers is, in general, possible, These flows involve viscous
layers which aré relatively thick coripared to the shock layer and to the

. cylindrical radius, Consequently, the shock shape and pressure distri-

bution change as- either the rate of mass transfer, or the Reynolds number,
. or the Mach number is changed.
. *The experimentdl results in reference 1 indicated that for the
vo- porous material, flow conditions, and rates of coolant mass flow employed
o . therein, the boundary layer was la,mma.r and the inviscid flow field was
. : essantzally unaltered at even the highest rates of mass transfer; therefore

Manuscnpt releaséd Februa.ry 1961 for publication as a WADD Technical
Report,

. shown gchematically.in Figure la, A relatively slender cone has a spherical ,

v e D oincaepE2 4
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‘the flow was of the first type. Accordingly, the similarity parameters

developed in reference 1 could be used to extrapolate the test resultseither to
flight or to other test conditions prov1ded of course, that the flow remains
laminar,

For’'the localized mass, transfer system discussed herein the same
considerations with respect to flow similarity will apply, For sufficiently
low rates of coolant flow, the inviscid flow field will be unaltered by the .
injection and similarity parameters presented in reference 1 are applicable
as follows: Consider two geometrlcally similar bodies as shown schem-
atically in Figure la, with identical inviscidflows in terms of the distri-
bution of p = p (%), u'= u(x), etc. Assume that the chemical compoeltlons

of the coolant and of the external gas.stream axe “fixed and equal in the
flows. Assume further that the enthalpy ratio h (coolant- to-free-stream

stagnation) and the distribution of temperature ra.tm Bw (wall-to-free- °

stream stagnation) are the same in the two flows, Then the rates of
laminar heat transfer to the impermeable surface on the two bodies are
reiated by the sumlanty parameters °°:

NQ-N(N he,. 8, %) . (1)

where N and N are respectively mass and heat transfer parametexrs

1
« defined as follows

- 1 . .
N = mc/Ro”sel\IR5 . : (2)
and ° . ;
Nza = NNu/NR.ﬁ oo, ) . .. . . .
- ‘ . - ]
. = [qRo(Cp? /(h -h kS 'U(ps .ZR /u )(p /ps )a] 5 (3)

“e e-ee e

This result clearly permits heat transfer data obtained at one Rey-nolds
number ( R) to be extrapdla.t'ed to other flow conditions provided N h

GW and x1 are unaltered,

Consider the theoretical determination of the boundary layer char-
acteristics of flows covered by these similarity requirements. I sucha
determination were possible, the functional rela.tzon expressed by Eq. (1)
could be evaluated by theoretical analysis. Two regions along the surface
can be identified; for x<Xx, the boundary layer involves mass tra.nsfer,

* while for x>x the surface is impermeable, Now it was found in refer-

‘ence 1 that thé rates of injection required to obtain a significant down-

stream effect from stagnation point mass transfer were considerably

-higher than those required to reduge substantially the heat transfer to the

3
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. injection'can be‘considered.to.apply approximately over the entire range

- L]
.

porous surface itself, Indeed, the values of mass transfer per unit area .
per Unit time (pv)_ eraployed in those experlmenf.s were found to be up to

20 or 30 times thd6e usually considered in theoretical analyses of trans- .
piration cooling, It would be expected a priori that similarly high rates .
of mass transfer would be required in th'e configuration considered here

for essential reductions in the heat transfer‘to the downstream conical

.o
section, : N

In reference 2 a theoretical analysis of the stagnation point
boundary layer with large rates of air-to-air injection was carried out. i
It was found that the boundary’layers could be characterized by an iso-
thermal shear layer close to the surface and a relatively thin mixing zone
adjusting this inner flow' to the ‘external flow*values, This result - iggested
an integral method which was shown to lead to accurate values for the . -
gross boundary layer properties. * This characterization of the stagnation
point boundary layer also suggests the idealization which will be employed
herein for the study of the alteration of shock stand-off distance with .
injection; accordmgly, the boundary layer is replaced by an isothermal
shea.r layer which is matched to the external flow by a slip surface,

It appears then that the a.nalysm of the first region (0 < x < xl) for
large rates of injection can be carried out according to either of two .
approximate methods. The stagnation point analysis-for large rates of

of x,. In general the requlrements of boundary layer similarity, especially

‘with respect to the distribution of the rate of mass transfer.,, will not be

exactly satisfied; however, a stagnation point analysis should be sufficiently .

-accurate f6r most purposes. A second method of analysis would be to .-

apply an mtegral method as in reference 2 to the development of the

. boundary layer over the entire range of x startmg with stagnation point
N va.lues . -

The analysm' of the bou:ndary layer in the downstream impermeable
region (x > x, ) requires the treatment of the initial value problem of .

" boundary layer theory, Atx = x the velocity, stagnation enthalpy and

concentration profiles are given by the analysis of the porous region;
the downstream development of the boundary layer is desired, This
problem can be treated by integral methods as in references 3 and‘4,

by finite difference methods as in reference 5, or by the method of . :
"strips " recently published by Pallone (reference 6) and more redently
described.by Dorodnitsyn, %% . . :

‘wyftélium-to-air injection,

The analys1é of reference 2 is at present bemg extended to the case of

At the Second Internatmnal Conference of the Aerona.ut1cal Sciences,
Zurich, Switzerland, September 11-16, 1960.

.
*
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In this report there are presented the results of an experimental
investigation of a configuration close to, that shown schematically in
Figure la. The tests were carried out at a Mach number of 8.0 in the
hypersonic famhty of PIBAL (cf references 7 and 8). Two coolants, .
helium and nitrogen, were injected over sufficiently wide ranges of mass
rates and Reynolds numbers, such that both types of flow described .
herein prevailed.

Three types of information were obtained from these tests; the
. first pertains to the alteration of the shock shape and pressure distribution
by the injection, A theoretical analysls of the influence of mass transfer*
on the shock stand-off distance is carried out and shown to yield results’
in good agreement with expefiment. The well-known approximatipns of .
a spherical shock with a constant density shocke layer are employed along
. with an idealization of an inner layer formed by the injected fluid; naznely, .
*ah 1sotherma1 shear layer ‘with vorticity. . This theoretical model, which
. is apphcab}e to both’'nitrogen and Kelium injection, suggests a2 combination
of N and NR’ i.e., a new inviscid flow parameter N . From the

ava11ab1e pressure data, the maximum value of N for no alteratign in
pressure distribution is obtained. ° . 2 .

.. The second type of data presented in the report is the heaf transfer
to the downstream conical surface. Laminar, transitional and turbulent
heat transfer rates are obtained and compared to the available theories
for zero mass transfer. -Significant reductions in.laminar heat transfer
.result from th'e mass,.transfer but earlier transition is found to occur.

Finally, the third type of data presents the alteration of transition
behavior with Reynolds number and mags transfer. These data are
limited; additional tests would be required for reasonable knowledge of -

.transition behavior. .

. .
. . . . .

. L]
- . . * . .

II. MODEL DESIGN, TEST PROCEQURES AND TEST CONDITIONS -
The model used in the tests is a blunt-nosed cone with a semi-
vertex angle of 20 The injection region, consisting of a spherically
shaped porous cap, extends over a half angle of 307 The details of
. the model design are shown in Figure 2 along with the the thermocouple and
pressure’tap locations. Figure 3 presents photographs of the model on’
the support’ prior to installation in the wind tunnel.

§
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The wind tunnel tests presented herein were performed at g Mach

number-of 8. 0, at a stagnation temperature of approximately 1700 R,

=+ and at free stream stagnation pressures varying between 150 and 600 psia,

* Schlieren pictures were taker during each test, The maximum mass flow
injected at the model nose was 0, 01 1b/sec, for helium and 0, 03 1b/sec.
for nitrogen. In terms.of the nondimensional similarity patfameters
defined’in the Introduction, the Reynolds number variatign corresponds
to 0, 7< N, x 107%-< 25, and the mass t.ransfer parameter variation
N < 74 for helium and N < 213 for nitrogen. The coolant temperature
y 1 © e1— .
. remained essentially constant for all {ests and was approximately 530°R.

. On the impeifmeable surface downsgtream of the injection region, the
average wall temperature was 560 R for all the tests; thus, the heat
transfer data correspond to an isothermal gurface with 8 = 0,33, ‘The

" model was initially polished to a surface roughness of less than 4 micro-
inches. As the test series proceeded, surface erosion occurred; however,’
the model surface was repclished so that the maximum roughness is

. believed to be in the neighborhood of’30 to 40p for°all tests,

Pressure data were obtained by differential transducers and re-
corded on single channel recording potentiometers, In order to minimize
the response time, the reference chamber of the transducers was evacuated
to a pressure slightly below thé static pressure in the tunnel during the run,

- With this technique the steady state indication of ‘pressure’was achieved in
about 5 seconds, permitting relatively short running times,
. . The heat transfer data were obtained by a transient technique
utilizing a thin skinned model at an essentially uniform initiul temperature.

The local heat transfer rate can be related to the initial timewise deriva-

.tive of the surface temperature; the details of the analysis and the method
. " of thermocouple installation are discussed in detail in references 1 and 9,

for example, . . . * .

. . : The mass transfer rate through the porous plug was determined .
by two independent measurements. A flow meter in the coolant supply
line provided a direct measurement of the coolant flow; the measured

.. .* Pressure drop across the plug also determines the mass flow rate according
. to the following relation: : .

_ 0.55¢ 5 330.55 . .
-m_ = CW,, (p.2? - p21 (4) .

.

The constant, C, was obtained by calibrating the porous, plug over the
. ‘entire mass flow range prior to installation in the tunnel, The mass,
transfer rates as determined by the two measurements differed By a*
. . maximum of 10% in all tests, * Coblant temperature was measured by an

. . *It is of interest to note that for the particular porous material used in
these tests p ® >>p_® so that m_ is essentially constant with x. Thus

. the agreemer& betwéen the c;alibf‘ations with zero and hypersonic free .
stream velocity i8 not surprising, . , N

.
,
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d .

open tip thermocouple located along the coolant chamber centeg:’line.

+ The porous ca.p was formed by coimng a flat sheet of porous stain-
less steel. Initially, the mean pore opemng wag 65 microns; however,
as a result of the forming process the openings on the outer surface
increased slightly. To asgcertain qualitatively the effect this would have
on the distribution of injeéction velocity, the spray pattern with water as -
a coolant was observed. Various plugs .were tested unt11 one was obtained
with a relatlvely uniform spray distribution..

The accuracy of the measurements is estimated to be as follows:
the overall error in the pressures on the cone surface is + .02 psi, The
mass flow of the coolant gas is in error by a maximum of + 5% over the ‘
entire flow range. The heat transfer results involve many parameters
affecting the final data; an overall'estimate of the error is believed to be -

. £:10% in terms of the Nusselt number. . LU *

.
. . . .
.
.

o1, PRESENTATION AND DISCUSSION OF RESULTS

The data obtained in the tests present three different effects
of the mass transfer; on the pressure distribution and shock shape, on
the heat transfer to the cone, and on transition, The data pertaining -
thereto are discussed ir the following sections,

Pressure Distribution and Shock Shape . .

. Figures 4a-4c and 5a-5d present, respectively, the pressure
data and typical schlieren photogra.phs In Figure 4a the pressure dis- .
tribution.for zero mass flow is presented as a line representing the mean
of the data points, Also shown is.the tgeoretlcally predicted pressure
distribution for M =8.0 w1th T =5000 "R obtained from reference 10, and

the sharp cone value for a ca.loncally perfect gas from reference 11, for
example, The data points shown in Figure 4a along with the values of
N and NR pertammg thereto correspond” to no alteration of the pressure

d1str1butmn within experimental accuracy. In Figures 4b 2and 4c there
are shown the pressure distributions which result from rela.tlvely large
rates of nitrogen and, helium injection, respectively. Again the va.lues .
of N and NR for each distribution are giver,
1 »

From these figures and additional schlieren photographs the
following observations may be made:

1) The experimentally determined pressure distribution over the
entire cone, for zero mass transfer is within 10% of that theoretically
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predicted in reference 10, This result is in agreement with the generally
accepted insensitivity of ths pressure distribution to real gas effects for
stagnation temperatures below roughly 5000°R,

2) The effect of large rates of injection is to lower the static
pressure on the surface of the cone,

3) Ata value of N =2,2 x 10%, alteration of the pressure distribu-
tion on the cone surface i§ observed for N > 73, 7 for nitrogen and
N > 24.9 for helium, 1
P

4) Examination of schlieren photographs with increasing injection
rate and decreasing Reynolds number, indicates that the shock stand-off
distance is increased and that this alteration occurs before an observable
change in pressure distribution occurs,

** In order to extrapolate the heat transfer data presented here to
different flow conditions, the sombinations of injection rate and Reynolds
number for which the pressure distribution is essentially unaltered must
be estimated. Since the change in pressure distribution is associated with
a radical change in the shock stand-off distance, a theoretical analysis
leading to the prediction of the dependence of shock stand-off distance on
mass transfer has been carried out and presented in Appendix I. This
analysis predicts that the shock stand-off distarice depends on an inviscid

_ 1 1

. = 3 3 1 ;
parameter N3 mc(GWWe) / [.Ro (Zchsepse)a] which can be formally
identified as N = N (6. W /N_W )5, * Accordingly, there are presented
3 1w & "R ¢

in Figure 6 the variations with this parameter of A/R_as obtained from
the schlieren photographs. I will be observed that tife correlation of the
experimental data for both helium and nitrogen is good, and that A/R_ is
increased.-by an order of magnitude by injection. Also presented in S‘igure
6 are the theoretical predictions of A/R_ given in Appendix I and based
either on 2 consistent theory or on an e?npiri'ca.l correction of the velocity
gradient, It will be noted that both theoretical predictions agree well with
the data although the empirical correction leads to somewhat better agree-
ment, K

Since the shock stand-off distance was found to be dependent on
N , it was of interest to-see, if the shock shape and the pressure distribu-
ti®Bn on the cone can be correlated in terms of N ., Comparison of Figures
5¢ and 5d and of other schlieren photographs wherein N is roughly constant
although N, and the coolant fluids are different, indicatés that the corre-
lation between shock shapes is good. : <. :

- - ,
Note that g drops out of Na so that it is independent of viscosity.and
is thus an in¥iscid flow parameter, ‘

14 . * y
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, & careful study of the corresponding pressure distributions indi-
cated that the experimental accuracy was not sufficient to establish N_ as
the correlation parameter for the pressure distribution. The correlation
of shock shape with N_ implies, however, that more accurate pressure
measurements would “confirm the correlation of pressure distribution in
terms of Na' ' .

Now consider the value of N_ which leads to an observable altera-
tion of the pressure distribution. %Because of experimental error it is
difficult to select a precise value therefor; however, the aforementioned
careful study of the pressure distributions leads to the result which is
shown in Figure 7, and which defines roughly the critical values of N_,
namely, 1/4SN <1/3. Thus, for values of N_ less than these, the pressure
distribution is "unaltered, the flow is of the Boundary layer type, and the
parameters N and N can be employed in determining the heat transfer
for other than'test conditions.

.

Heat Transfer

The heat transfer data for all tests are presented in Figures 8a-8m
in terms of the heat transfer parameter N_ versus N_ at each thermocouple
location. Data for each gas and the value f N, for dach test are presented
so that tHe Nusselt number‘at each measuring station and in each test can
be explicitly determined if desired.

.
- .

The interpretation of these heat transfer results is complicated by
stwo effects: * the alteration of the pressure distribution by injection as
related to the parameter N_ and the occurrence of transition. If neither

* * of these two effects were present, it would be expeced that N would

monotonically.decrease with increasing N, at all thermocoupfe‘locations
except those far downstream where N, would be ‘expected to be independent
of N . . . '

1 .

In discussing these effects it is convenient to consider a fixed Np -

and a fixed.thermocouple location. The observed reduction in static pressure
on the cone might a priori be expected to lead to further reductions in heat
transfer with increasing N,. However, the response of the relatively thick,
inner layer of injected gas to simultaneous viscous shear and to pressure
gradient is complex; indeed, it will be seen that for the case of helium
injection involving a different ratio of specific heats, the alteration of
pressure distribution is accompanied by an increase in heat transfer. If
transition is associated with increasing N;, the heat transfer would be
expected to increase, To assist in interpretation, the data in Figures 82-8m

16
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have been identified with a flag if N >1/3, i, e., the value of N, resulting

Consideration of Figures 8a~8m indicates the following:

1) For a given N, the reduction in N, is considerably greater for
helium than for nitrogen.

2) For helium, N_ decreases shg_rply with increasing N1 for
>25 and 8 >8.85, N

N, <25 and for s<8.85.
and increasing &

insensitive to N,. For a fixed

in an observable change in pressur® distribution,

is relatively
10 the heat transfer

increases when Ng2 1/3; further increases in N, lead to a second decline

in heat transfer.

3) For nitrogen there appears to be no increase ir heat transfer
associated with the alteration in pressure distribution, i.e., with
Ny21/3. However, the difference in the values of N, for a given N, but
implies that transiticn is present. ¥ Indeed, there appears to
be only one nitrogen test in which both laminar flow and unaltered pressure

different N

From a consideration of the data for fixed N, but varying
f\'IR, it is not possible to determine if transition is occurring in these tests.

distribution occurred. Transition is seen to lead to heat transfer rates

which are higher with mass transfer than without.

4) With values of N1: 5 for helium the heat transfer over the
entire cone corresponds to N; = 0.08 or less. This should be compared

to N;=0.84 which exists at a stagnation point without mass transfer

(cf. references 1, 2 and 9).

from reference 2.

. It is of interest to consider two cross-plots of the data of Figures
8a-8m. In Figure 9 there are given the-distributions of N, with x for
those tests in which the inviscid flow was considered unaltered by injection
(N£1/3) and in which laminar flow prevailed. Also shown thereon is

Note that on the porous regions the heat
transfer is zero iqr relatively small values of N, as may be inferred
Thus as a heat protection system the configuration
studied here is quite effective’ **

the theoretically predicted distribution of N3 for zero injection obtained

from a combination of the analyses of references 12 and 13.
bution of heat transfer relative to the stagnation pdint value is computed
from reference 1Z with a constant isentropic exponent of 1.32 and the

The distri-

The transition data will be discussed in detail below.

*ok
It may be of intereat to note that if R_=0.5 ft., h
V- 8000 fps, 'm_=0.19 lbs/sec for 1§?1=5.0.

31
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measured pressure distribution; the stagnation point value is obtained

from reference 13, The stagnation pressure behind a normal shock was
assumed tc prevail over the entire body; It will be noted that the agreement
between theory and experiment for zero injection is within 20%, = will also
be seen from Figure ¢ that substantial reductions in laminar heat transfer
over extended portions of the cone occur with helium injection, The
influence of injection of helium is seen to persist to some extent even
around the ‘junction of the cone- cylinder,

A second cross-plot of interest is shown in Figure 10; there the
distributions of Nusselt number NNu with x are given for nitrogen as a

coolant and for a fixed Reynolds number, NR = 2,2(10%), In addition to

the experimental data, there are shown the theoretical predictions for
laminar flow as discussed above in connection with Figure 9 and for fully
developed turbulent flow. The flat plate-reference-enthalpy (F.P.R. E,)
method (cf, reference 14) was employed for-turbulent flow with normal
shock stagnation pressure and with two pressure distributions, corres-
ponding tc N g 1/4 and for N = 1,13, The same method was also
employed fof the pressure dlgcrlbutlon corresponding to N < 1/3 but
with obhque shock stagnation pressure,

Consideration of Figure 10 indicates that rnost of the data obtained
with nitrogen involve transitional and turbulent flow. The heating rates
over the front portion of the cone are reduced by the mass transfer but for
¥ > 5 the effect of mass transfer is to cause earlier transition and therefore
hea.tmg rates which are greater with than without mass transfer., The
maximum heating rates obtained experlmem:ally are greater than those
predicted by the F, P, R, E, method when the stagnation pressure of the flow
external to the bounda.ry layer corresponds to that behind a normal shock,
However, if the stagnation pressyre is assumed to be that behind the
oblique shock, the predicted turbulent heating without mass transfer is
greater than determined experimentally, The results in reference 15 for
the interaction of a turbulent boundary layer-with the vortical layer induced
by the bow shock indicate that sdme influence may be expected for x > 10
under the test conditions of <Figure 10 with no mass transfer. Therefore,
the observed rates with mass tra'nsfer may involve vortical interaction,

In view of this complication,-it i8 not possible to ascertain the influence
of the mass’transfer on the heat transfer after transition-has occurred,

Transition Behavior

From a representation of the heat transfer data for nitrogen
in the form shown in Figure 10 it is possible to estimate the location
of transition for various rates of m_;ectmn and various Reynolds -
numbers, The results are shown in Figure 11 for the test data corres-
ponding to N g 1/3; as seen quahtatwely from Figure 10 and discussed
previously, 'inJectlon results in transition at a smaller value of %, & can

33
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also be seen from Figure 11 that transition moves downstream (x increasing)
as the Reynolds number decreases, , - :

It is customary to consider iransitioh behavior in terms of a Reynolds
‘number based on momentum thickness (cf, for example reference 14)..
However, the analysis of the data of Figure 11 in these terms awaits a theor-
stical treatment of the downstream behavior of the laminar boundary layer,
Presently, the data of Figure 11 must be considered only indicative.

IV. CONCLUSIONS

There has been carried out an investigation of the influence of
Jocalized mass transfer at the nose of a slender cone. Two gaseous
coolants were considered, nitrogen and helium. The experimental
research involved tests in the Mach number 8, 0 wind tunnel at PIBAL,

The rate of coolant mass flow and the Reynolds number of the main stream
‘were valiod widely, Measurements were made of the pressure and heat
transfer distributians; schlieren photographs were taken,

Three effects of the mass transfer are examined: the alteration of
shock shape and pressure distribution, of heat transfer to the downstream
conical surface, and of transition, With respect to the first effect a
theoretical analysis of the influence of mass transfer on the shock stand-

" off distance has been carried out. The model for the shock layer proposed
by Lighthill is combined with a model suggested by the results of reference
2 for the viscous layer formed by the coolant, Accordingly,the flow at the
- nose is characterized by two incompressible rotational layers with a
discontinuity in tangential velocity at the interface. This analysis which is
applicable to both nitrogen and helium suggests an inviscid flow parameter
- N which is related to the mass transfer and which is shown to correlate
. the observed alteration in shock stand-off distance by coolant injection,

The mass transfer is found to have a negligible effect on the
pressure distribution, on the cone for combinations of mass transfer and
Reynolds numbers resulting in N_<1/3. Thus for flows satisfying this

. inequality laminar boundary laye? effects are correlated by the parameters
" presented in reference 1, i, e, » N and NR‘ For flows corresponding to

N > 1/3 the pressure distrjbution is alfered by the mass transfer so that
né extrapolation of results to flow conditions other than those of the tests
is possible,

With respect to the influence of mass transfer on heat transfer it
is found as shown previously that helitim is the superior coolant, With
helium at relatively low rates of coolant flow the peak heating occurs,
downstream on the cone and is an order of magnitude less than would
occur at the stagnation point if there wére no mass transfer,
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on the cone the peak heating with injection is greater than without injection

The injection of nitrogen is found to lead to earlier transition, Thus

although considerably less than at the stagnation point, The behavior of
transition with injection is deduced from the heat transfer results; as might
be expected transition moves forward on the cone with increasing mass
transfer and increasing Reynolds number,
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APPENDIX I - THE SHOCK STAND-OFF DISTANCE
WITH STAGNATION POINT MASS TRANSFER

The shock stand-off distance has been determined for flow about
a. sphere by Lighthill (reference 16) and about a circular cylinder by
Whitham {reference 17). Both analyses utilize the same approximations,
These consist of:

(1) applying strong shock conditions which are valid for large
free-stream Mach number;

(2) considering the flow field between the body and the shock to
be incompressible and rotational; and

(3) assuming the shock to be a sphere or a circular cylinder.

It is generally accepted that these solutions accurately predict the shock
stand off dlstance but not the pressure distribution,

The purpose of the present analysis is to extend the results of
Lighthill to include the effect of mass transfer from a spherical body. Note
that the injection region is assumed to extend around the entire forward
portion of the body. The treatment of a circular cylinder as presented
by Whitham can aiso be extended to include mass transfer effects.

The flow is shown schematicaliy in Figure 12. A spherical shock
of radius T = A+ R is associated with a sphere of radius Ro' The filow

between the shock and the body is divided into two regions by an interface
of radius r . In the outer layer between the shock and the interface the
flow is of constant density and is rotational because of the shock curvature,
The inner layer is between the interface and the body; the gas therein is
also incompressible but, in general, of composition and temperature which
are fixed but different from that in the outer layer. The flow in the inner
layer-is also rotational, * At the interface the radial velocity is zero;
across the interface the pressure is continuous but the vorticity and tan-
gential velocity are discontinuous, .

The equations of motion for an axisymmetric, incompressible,
rotational flow in spherical coordinates reduce to:

i{rv w]+-?—-[v<,.>]=0 (I-1)
arr T o ® .

*__ R ]
The rotationality in the inner layer must be considered to be due to the
shear stresses which actually occur between the inner and outer flows and
which disappear in the 1dea11zatzon of the flow into two inviscid bt
rotational regions,
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Introduce the Stokes stream function, which satisfies mass con-

tinuity, and which is related to the radial and tangenual velocity compon-

ents by
v st 8 (1-2)
® gin o ©or :
v =- % , (1-3)
r®sing 8o

The vorticity in terms of the stream function is given by:

3 3
w = ! fraa.*+8*—ﬂcotw] (I-4)
r® sin @ 9ar?® &2 8oy

QOuter Layer

Lighthill's solution applies for the layer between the spherical
shock (r=rs) and the interface (r:ro). Accordingly, the velocity com-

ponents at the outer surface of the interface are given by:

v. =0
T
Voo sin o 4 e -a (I-5)
ch = (Vw)e =..__.E{.____{(K- 1) (rs) —K(K—‘i:):!

where K is the static density ratio across a normal shock; i e, , pe/pco,
r= r/ro, and Vco is the free stream velocity, The location of the shock

relative to the interface is determined by solving the following fifth degree
algebraic equation for ¥ _Sr_/r .

2(k-6)(F )5 - 2K a3k =0 (1-6)
K-1 :

If there is no inner layer, i.e., no m_)ectmn this equa.tmn with r - R
gives the shock stand-off distance A/r = A/R =T -1,

Conditions at the interface

Now, applying the incompressible Bernoulli equation on both sides
of the mterface and equating the static pressures all along the interface
yields: ) -

4]

£




e i S Y T A

m B 3

v). p. .}  w_ 1
A = L - (3-7)
(vcp)c Pe GWWe :
where W_ = molecular weight of external fluid;
W: = molecular weight of coolant fluid; and
GW = ratio of wall-to-stagnation temperature.

Combining Eqs. (I-5) and (I-7) provides two of the boundary con-
ditions on the flow in the inner layer,

At r = T
1 -
(v ) _ GWWe 5 Vmsm m
olc = [ ]
WC 2K

v_=0 (I-9)

r

[(K-12(F)7% -K(K-4)]  (L.8)

¥ the body radius is denoted by Ro’ the third boundary condition
becomes

At r =R v =0 (I- 10)
o ©

Inner layer

The solution of (I- 1) satisfying the conditions (I-8) through (I-10)
is of the form

¥ =¥ (r) sin® o (I-11)

which upon substitution into Eq. (I-1) results in

r® % -z?ﬂ-nﬂa-sw.-.o (1-12)
dr® dr® dr

The solution of Eq. {I-12) with the proper boundary conditions is

B r 3 [2+(R_)"®][2(F)"! - 572 + 374]
¥ =205 (1) - ° , (I-13)
3 12R ? - 10 - z(RJ‘3
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where

Vo - - 0 Ve 3
B =——<(B=1) (¥ )7% - K(K-4)) [ ] (1-14)
2K w
(o4
and where R = Rolro.

The radial velocity at the body surface can be determined from the
stream function and is found to be:

2B B (2+R_"®)2R_"%- 5+ 3R _3)
< {(Ro)"3 -1+ ° ° ° _\ (1-15)

(v.) =——cosop — -
TW 3 12R_?- 10 - 2R ®

=~

It is noted that the solution corresponds to a non-uniform injection
rate over the surface accordingtocos o= 1 - o®/2 +.... .

The mass transfer rate of interest for comparison with experiment
is obtained by integrating the injection velocity over the porous region

and becomes:

We |3 Veo
m_ =wR 2 p sinfp, — [(K- 1T _"2 - K(K-4) ]
[ o e ewWe 1 3K 8
_ (R_"®+ 2)(2R_"% - 5 + 3R _3)
(R)™® - 14— L — ° (I-16)
IZRO"" - 10 - ZRO“’

B Utilizing strong shock conditions, the free stream velocity (V_) can be
related to stagnation conditions behind the normal shock and the density

ratio (K) by,

3  _ Be
Voo = . (I-17)

32]’.t should be noted that B_ is the stagnation point velocity gradient
dvep/ dcp}c at the interfac, If the velocity gradient of the external flow

(at the interface is denoted by B_, the relation between the two gradie'nts
. e B 1
3
[ w e ] .

-

across the interface is given by: B =B,
[
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There results the non-dimensional similarity parameter, Na given by:

m 8,V 5 o .
Ayt | BT Sl L s ’
R “(p, p
o] Se Be

(o

o -8 o -3 - 3
2a_ . (Ro + 2.)(2Ro - 5-&3Ro ) (L18)
12%{03 - 10 - zio‘a

Consider the application of this analysis to a particular exaraple.
¥ M__ and the other free stream quantities are known, K is determined by
normal shock conditions. The parameter N3 and the angle ®; are assumed

known. Now Eq. (I-6) can be solved for i-s and Eq, (I-18) can then be
solved for R . Note that A/Ro = (rs-/Ro) - 1= (E'B/RQ - 1. In Figure 6 the

variation of A/Ro with N for Moo=8"o has been given and compared to
experiment, 3

Since the stagnation enthalpy achieved in the wind tunnel is much
less than that corresponding to free flight conditions at M__=8, 0, the strong
shock approximations are not strictly valid for the a.na,lysixs> of the experi-
mental data. As a result, in computing the theoretical curve presented in
Figure 6, the approximation attendant with Eq. (I-17) was not used so that
Eq. (I-18) was modified somewhat,

© vt Rt AT 5 o

Tangential velocity distribution

It is further of interest to consider the variation of the tangential
velocity distribution with N and shown in Figure 13, 1t is noted that for
relatively small values of ®N_ the ratio (r /R ) = 1, and the tangential
velocity distribution is close %to linear; thds the inviscid model for the
stagnation point boundary layer gives in this case the same tangential
velocity distribution as the boundary layer calculations which were given
in reference 2 and which were based on §/R_ << 1, However, for increasing
N , the ratio r /R _ increases and sphericity results in a nonlinear dis-
trbution of tangential velocity. Presumably, the boundary layer equations
with /R = 1 would result in a similar distribution except in a relatively
thin regign which is close to the outer edge and which involves significant
shear stresses. x '

In the outer flow layer, with the assumption of a spherical shock, ,
the ratio of vorticity to distance from the center line is constant throughout i
the region. For the boundary conditions utilized in the solution of the inner !
flow layer, it is noted that this ratio is also constant in this flow region.
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Empirical correction for velocity gradient

I is well knvwn that the velocity gradient B_ is not well predicted

by the Lighthill theory, the error being due to the Essumed spharical
shock wave, An empirical correciion tc the analysis presented hers can,
however, be made; if B_ is computed from Newtonian theory applied at
the interiacs, then Eq, ®(1-18) becomaes

a2 o (2 + R_TN2R,7® - 5 +3R _?)]
- . 2 Raad o . ¥ ) N
Ns = " sin® o, (Ro) - 14

o

gary @ n —8
J.ZR.Q - 10 - ?.Ro, S
(I- 18a)
For M__=8, 0 the results of the determination of A/R_ from

Eq. (I-18a) ar® also shown in Figure 6 and are seen to be ii somewhat
better agreement with experiment,
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