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Transpiration and Film Cooling Effects for a Slender

Cone in Hypersonic Flow
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Tests were conducted in the LTV Aerospace Corporation (Vought Aeronautics Division)
Hypervelocity Wind Tunnel to determine transpiration and film cooling effects on the aero-
dynamiec characteristics of a slender cone in hypersonic flow. Film cooling of the model was
obtained by injecting methane out of and near the slightly truncated nose. Transpiration
cooling was provided by injecting ethylene through the remaining surface of the model. The
resulting effects on heat transfer, ‘skin friction, and pressure distribtions, and force and
moment data are analyzed and discussed. The flow conditions were limited to nominal
Mach numbers of 12 and 17, and respective Reynolds numbers per ft of 6 X 10° and 105. It
was found that the heat transfer, skin friction, axial force coefficient, and normal force coeffi~
cient slope decreased with increased mass injection for both film and transpiration cooling.
The effectiveness of film cooling, however, decreased with distance from the injection region,
and diminished with increased angle of attack. It was observed from test results and photo-
graphs that boundary-layer transition was induced by light mass injection at the higher

Reynolds number.

Nomenclature

A = area

C = Chapman-Rubesin coefficient, pp/(pu)res

C4 = axial force coefficient with base pressure assumed to be
zero

Oy’ = axial force coefficient with base pressure equal to the free-
stream value

Cp = drag coefficient

C; = skinfriction coefficient

C; = injection parameter, m/peV 45

Cx = moment coefficient

Cx = normal force coefficient

Cp = pressure coefficient

¢, = specific heat at constant pressure
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diameter

thermal conductivity

model length

injected mass flow rate (total)
Mach number

static pressure

Prandtl number, c,u/k
heat-transfer rate

radius

Reynolds number, p.Vex/u.
Stanton number, ¢/pc, V(T', — T)
time

temperature

inviseid stream velocity

vehicle weight

station on cone (distance from apex)
axial distance from aftmost point of mass injection
angle of attack

ballistic coefficient W/CpA,

entry angle

cone half angle

viscosity

density
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Subscripts

¢ = cone

b = base

E = entry conditions
inj = injected

n = nose

0o = no-blowing value

r = recovery

ref = reference condition
T = total

w = wall

z = location defined by =
w = freestream

Introduction

ATERIALS such as graphite and the composite ablators
have recently constituted the typical forms of thermal
proteetion for the nosetip of re-entry vehicles. The simplic-
ity, reliability, and thermal efficiency of such systems make
them the obvious choice for blunted re-entry vehicles and
moderate ballistic trajectories. However, for high ballistic
coefficients and shallow entry angle trajectories currently
under consideration a relatively sharp nosetip becomes ex-
posed to an environment of such severity as to render these
materials useless. In particular, the high stagnation tem-
peratures and pressures associated with such trajectories re-
sult in severe thermal and mechanical erosion of these ma-
terials. Consequent nose blunting decreases the effective
ballistic coefficient of the vehicle and, hence, degrades vehicle
performance. An acknowledged solution to this problem
involves the use of an active cooling system. Thus, the ac-
tively cooled nosetip (the subject of considerable work during
the last decade) is once again being considered as a means of
protecting the forebody of a re-entry vehicle.

The class of re-entry vehicles under consideration here
possesses a transpiration cooled nosetip and a conventionally
(charring ablator) protected afterbody where tip mass injec-
tion and afterbody outgassing occur simultaneously. To
simulate the effects, a conical re-entry configuration with a
porous skin and a slightly truncated tip was selected to be
tested at the expected entry conditions. Although the in-
dividual problems, ie., transpiration cooling in stagnation
regions and distributed mass injection on an axisymmetric
body, have been thoroughly investigated,*2—*2 the data have
been quite scattered and the combined problems involving
the mixing of three different fluids (freestream gas, tip
coolant, and ablation products) have not been studied.
In order to gain some insight into the multiple interactions
which occur in this situation and to evaluate techniques for
the prediction of aerodynamic characteristics and heat trans-
fer under these conditions, an exploratory experimental in-
vestigation was undertaken, jointly sponsored by the Mis-
siles and Space Division in Texas (MST/T) and the Vought
Aeronautics Division (VAD) of the LTV Aerospace Corpora-
tion. The test facility used in the program was the VAD
Hypervelocity Wind Tunnel.

Since it was desired to simulate the actual vehicle design
and flight conditions as closely as possible, considerable effort
was put forth in the selection of flow conditions and injected
substances. Two flow conditions were selected to simulate
the early and peak heating portions of a ballistic entry trajec-
tory with Vg = 26000 fps, vz = —3°, and 8 = 15000 psf.
During the early, high-altitude part of the trajectory the
flow is laminar and the tip mass injection is much larger than
the outgassing. Under these conditions the effects of mass
injection upon vehicle aerodynamic characteristics are of
primary interest. During the maximum heating portion of
the trajectory, the flow is turbulent and the outgassing domi-
nant. The two flow conditions at these points in flight corre-
spond closely to Mach and Reynolds number combinations
of 1) M, = 17, Re/ft = 1.0 X 10¢ and 2) M., = 12, Re/ft =
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6.0 X 108, respectively, and were the selected nominal condi-
tions for the test program.

The injected gases were chosen to simulate the injection of
steam from the tip and carbon phenolic ablation products
from the afterbody. Water has been shown to be the opti-
mum transpiration coolant from the over-all system weight/
performance standpoint. However, the low-heating rates en-
countered in the HVWT precluded the use of liquid coolants.
Thus, simulation of freestream-to-injected molecular weight
ratio was the primary consideration, with specific heat ratio
simulation also desired. Considering these objectives and
limitations, methane (CH,) and ethylene (C.H,) were chosen
to simulate the steam and the ablation products, respectively.

Test Facility

The test facility used in the program was the VAD Hyper-
velocity Wind Tunnel which is an arc-heated, hotshot type
tunnel with a variable volume arc chamber that results in
long run times (300 msec maximum) and constant flow condi-
tions during a run. The tunnel has a 7.5° total-included-
angle conical nozzle which terminates in a 13-in. diam test sec-
tion. Flow conditions in the test section are obtained during
each run with pressure measurements and a special total-
temperature probe.

To operate the tunnel a gas is quickly heated in the arc
chamber volume, followed by a reduction in the volume to
maintain a high, postare pressure level until all of the gas is
expended through the nozzle. This reduction in volume is
accomplished with a piston forming the rear wall of the arc
chamber. The piston is driven by high-pressure nitrogen and
its release and speed are controlled with hydraulic back pres-
sure. The valve mechanism used to open the arc-chamber
to the nozzle provides little or no fragmentation in the flow
that is normally associated with the conventional diaphragm
methods. As a result, flow contamination and particle
damage to the model were negligible.

The arc-chamber pressure was measured with a strain-
gage type transducer while test section pressures were
measured with either this type instrument or variable reluc-
tance transducers, depending upon the anticipated magnitude
of the particular pressure. Test-section after-shock total
temperature was measured with a probe specifically designed
for this purpose. Aerodynamic forces were measured with
the VSB-1 semiconductor balance which has four separate

" gas supply channels routed through it. The balance, which

was designed and fabricated at VAD, is insensitive to pres-
sure in the gas supply channels. A more detailed description
of the facility is contained in Ref. 1.

Model and Test Procedure

The model tested during this program was a 7.25° half-
angle cone slightly truncated with a nose-to-base radius ratio
of 0.017. The surface of the model was fabricated from a
sintered nickel porous skin through which gases were injected
into the flowfield. Internally the model had four compart-
ments for the control of the mass-injection distribution. A
drawing of the model is shown in Fig. 1. Compartment 1
consisted of an 0.034-in. diam orifice at the nose (hand-
finished OD = 0.038-in.). Compartment 2 was a small
circumferential volume in the nose region while Compart-
ments 3 and 4 comprised the rearmost 91.99, of the actual
model length and were separated by a midline divider. The
forward -in. of Compartment 2 was a “dead” area which
resulted from the joining of the Compartment 1 tube with the
model skin. Methane was supplied to Compartments 1 and
2 while ethylene was the injectant for Compartments 3 and 4.

The porous skin was fabricated from 0.006-in. thick sheet
stock (Union Carbide NR-30) which was formed into a cone
and electron beam welded along a ray. The porosity of the
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Fig.1 Test model.

skin was found to be highly uniform through measurements
of hot wire velocity distributions and by comparing increased
pressure measurements (of a small low-pressure reservoir)
caused by several sample plugs of the skin material. The
inner shell was machined from magnesium and glands were
provided in each bulkhead and divider. A silicone rubber
material was formed into these glands to afford sealing sur-
faces with the porous skin and thus prevent leakage between
adjacent compartments.

The system which was used to supply gas at the required
pressure to each compartment consisted of four separate
supply lines each equipped with a regulator, pressure gage,
and solenoid valve. A small diameter restriction, located in
each of the supply channels of the balance, was utilized as a
sonic orifice in a calibration procedure in which mass flow
rate was determined as a function of supply pressure and
temperature. Using this calibration technique for each of
the supply systems, it was possible to obtain the supply pres-
sure required for a desired mass flow rate for each compart-
ment. Injection rates per compartment were shown to be
higher near the front of the model (when compared with the
aft injection rates) since the supply system was initiated
there, decreasing thereafter asymptotically to a near uniform
distribution at the aft end of the compartment. The injec-
tion parameter, Ci, was calculated for each compartment
using the injected mass flow indicated by the supply gage set-
tings and freestream mass flux during the particular run.

Heat-transfer data were obtained from chromel/constantan
thermocouples which were resistence welded to the porous
model skin. After the test program a master calorimeter was
fabricated for calibration purposes and attached to the model
aligned with the windward ray. The master calorimeter was
carefully made from copper sheet (0.0046-in. thick) and with
these characteristics well defined, the calorimeter equation
was used for the calculation of heat-transfer rate when a
radiant heat source was applied. Heating rates at each sens-
ing location were computed from the measured temperature
histories, dT/di, which were established by determining the

Fig. 2 Schlieren photograph of flow over cone without
mass injection, M, = 12.2 Re,/ft. = 6.89 X 105/ft, o = 0.
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“best” straight line through each of the temperature traces
on the oscillograph records.

The tunnel flow parameters and the foree data were reduced
by an IBM 7090 digital computer which printed out listings
of the pertinent flow conditions and the force coefficients for
every millisecond of run time. Tunnel flow conditions were
calculated using an input of arc chamber pressure and test
section after-shock values of total pressure and total tempera-
ture. The force coefficients were computed from the balance
gage loads and were corrected for the load interactions de-
fined by calibration.

A summary of the test conditions and data for the program
is shown in Table 1. Additional information on the test pro-
cedure and program can be obtained from Ref. 2.

Discussion of Results

The inviseid flowfield was defined using schlieren photo-
graphs, heat-transfer rates, and force-and-moment measure-
ments in the pitch plane. Schlieren photographs of the flow-
field for the high Reynolds number flow past the cone at zero
incidence with and without mass injection are presented in
Figs. 2 and 3, respectively. For the zero-injection flowfield,
the shock wave geometry, as shown in Fig. 2, compares
favorably with the 9° half-angle conical shock predicted from
sharp cone theory.? Some weak disturbances in the zero-
injection flowfield are indicated by the Mach waves in Fig. 2,
possibly caused by small surface irregularities.

Since the model was not instrumented for pressure measure-
ments, a correlation of data from similar, slightly blunted
cones was assumed to represent the pressure distribution.!
This correlation also compares favorably with the recomputed
pressure coefficients measured by Lewis® using a similar
model at flow conditions not too different from those of the
present program. A hot shot type hypervelocity wind tunnel
was also used in obtaining these pressure data. According to
Griffith and Lewis,® the relatively small bluntness affects the
pressure over the entire model surface area with the asymp-
totic value greater than. that predicted using sharp-cone
theory. An overexpansion oceurs near the nose, followed by
a recompression and a monotonic approach to the asymptotic
value. Using this pressure distribution one computes a
Mach angle of 6.4°, which corresponds closely to the 6° wave
appearing in the schlieren photograph of Fig. 2.

Although some differences in shock shape with and without
blowing are shown in Figs. 2 and 3, the pressure distribution
was assumed to be only slightly affected by mass injection
for the conditions of the current program (Table 1). This
assumption was based on an iterative correlation of the test
data where a slight reduction in aft pressure was required to
provide agreement with forece measurements for tests with
mass injection. The assumption is also supported by Hill-
samer and Mallard,$ who found that gases injected near the
apex of both sharp and blunted conical models, resulted in
either no change or a decrease in the surface pressure and by
Studerus,” who showed only minor changes in pressure with
mass injection normal to the surface and C; < 0.04. Conse-
quently, the pressure distribution without mass injection was
also assumed to represent the pressure field for the light mass
Injection rates used in the program.

The heat-transfer measurements in terms of the Stanton
number are presented for the no-injection runs in Fig. 4 as a
function of the local Reynolds number. The data are com-
pared with the sharp cone theoretical relations

St = [0.575/(Pr)"557] (C/Re,)'/?

The local flow properties necessary to compute the Stanton
number and the Reynolds number were caleulated using the
assumed pressure distribution. The equation suggested by
Probstein and Elliott? was used to estimate the transverse
curvature effeet. Changes induced by interactions between
the viscous boundary layer and the inviscid shock layer were
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Fig. 3 Schlieren photograph of flow over cone with mass
injection, M, = 12.1, Re,/ft = 6.36 X 10¢/ft, o = 0.

estimated using the relation suggested by Probstein.®® Tor
the Mach 17 flow these two corrections indicate a 256% in-
crease in heat transfer at the foremost thermocouple and a
7% increase at the most downstream thermocouple. Because
of the reduced boundary-layer thickness for the Mach 12
flow, the combined effect of viscous interaction and transverse
curvature does not exceed 5%. The agreement between the
predicted and measured heat-transfer data is satisfactory
considering the uncertainty in the definition of the inviseid
flowfield. The relatively flat heat-transfer distributions
(which differ significantly from the z~V/2 predicted by sharp-
cone theory) are attributed to tip-blunting, since heat-transfer
rates measured on a sharp cone from a previous test in this
facility correlate very well with theory.1!

Heat-transfer distributions for the Mach 17 runs with tip
injection (i.e., film cooling) displayed consistent trends. At
the lower injection rates, the magnitude of the heat transfer
near the tip was significantly reduced, but downstream dis-
tributions rapidly approached the laminar, no-injection values.
As the injection rate was increased, uniform heating was ap-
proached, with all heat flux levels far below the laminar, no-
injection values. Thus, tip mass injection significantly af-
fected both the local and the downstream heat-transfer rates.
Libby and Cresci!? investigated the downstream influence of
stagnation-region injection. However, their work was con-
fined to a relatively blunt body and utilized low injection
rates. Brunner'® discussed data taken in an axisymmetric
flow situation, but again the model tested was relatively
blunt and, in addition, model ablation effects were present.
Thus, the results presented herein appear to be unique.
Consequently, the recent work of Carlson and Talmor'* was
used to establish correlation parameters. Although particu-
larly concerned with an accelerating two-dimensional, com-
pressible turbulent flow with film cooling, Carlson and Talmor
developed a"mixing model which correlates the available data
satisfactorily. With this background, the following parameter
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was used to represent the dilution of the effect of tip mass
injection with distance from the injection location in an axi-
symmetric laminar flow:

Ci(Re,)Y2sinb,/ [(2")2/L] (pVe/paV w), (0.0 < 2'/L < 1)

The dependent variable was taken to be reduced heat flux,
4/Go, which is a measure of the film cooling effectiveness.
Data presented in terms of these parameters are shown in
Fig. 5.

Data taken for tip mass injection with the model at a slight
angle of attack were few, but some qualitative observations
can be made. Angle of attack was found to greatly reduce
film cooling effectiveness with the most significant reduction
occurring during the initial 2° angle-of-attack increment.
Apparently, only a minimal crossflow was necessary to cause a
major deterioration of the film cooling effectiveness for the
model configuration and injection rates of the study.

At the Mach 12 flow condition, afterbody mass injection
dominated from a total mass injection standpoint, although
tip mass injection was still present as indicated in Table 1.
Because the high Reynolds number flow is susceptible to
mass-injection-induced boundary-layer transition, the trends
indicated by the heat-transfer data were more complex, but
nonetheless clear. The minimum injection rate investigated
resulted in a reduction in the heat flux at all thermocouples.
Increases in injection rate resulted in a further reduction in
heat transfer near the tip, accompanied by increased heat
transfer to the afterbody. The increase is attributed, at
least in part, to boundary-layer transition, and the indica-
tion that the transition point moved forward as injection rate
increased was verified by the schlieren photographs. It
should be noted that the heal-transfer rates at the aft end
of the model exceeded the no-injection (laminar flow) values
only at the highest injection rates. Thus, the turbulent por-
tion of the boundary layer was significantly affected by the
afterbody mass injection, as one would anticipate. Finally,
the data indicate a strong effect of tip mass injection at con-
stant afterbody mass injection. Tt was apparent that small
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Fig. 6 Reduced heating rate due to transpiration cooling,
M, = 12.2, Re,/ft = 6.5 X 10¢/ft, o = 0.
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changes in tip mass injection greatly affected the transition
point, other parameters remaining constant.

Transpiration cooling has been studied for many years, and
it is thus logical that the results of the present work be com-
pared with existing theories and experimental results. Dis-
tributed mass injection has been treated analytically by
Rubesin® for laminar flow and Rubesin and Pappas'® for
turbulent flow and summarized by Kelley et al.'” Correla-
tion techniques applicable to laminar transpiration cooling
problems involving air and nonair freestreams are given in
the very recent work of Simon et al.’¥ Experimental investi-
gations particularly concerned with slender bodies of revolu-
tion are presented in Refs. 19, 20, and 21. The results are
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generally presented in terms of a reduced heat flux or Stanton
number as a function of a mass injection parameter. The
Mach 12, zero angle-of-attack data of the present work are
presented in this form in Fig. 6. The parameter C;r/St is
analogous to the parameter B of Refs. 15 and 16, the dif-
ference arising from the fact that the present work involved
nonuniform mass injection. The theoretical laminar and
turbulent flow results of Refs. 15 and 16 are also shown in
Fig. 6. Because the blowing distribution was a step function
using dissimilar gases and because the influence of injectants’
on the inviseid flow properties has been neglected, the agree-
ment between the data and theory is considered satisfactory.
Some of the data agree rather well with the laminar theory.
Further inspection reveals that the data points in poor agree-
ment with the laminar theory correspond to aft locations,
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13 16 12,20 6.89 17 l 17.645  12.268  9.230 8.665 17.366 10.629 00130 -.00101 .04557 ,03595 .0u169
1 15 12.17 6.69 000040 .002L0 00240 | 10.926 7.470  5.828 5.143  10.279  L.757 .00059 -.00049 - 0k123 .03158 03911
15 13 12,12 6.16 .000042 ,00084 00251 .00251 | 5.640 5.652  8.h4o2 7.661  L.871  6.689 .000kL -.0006k - 04061 .03088 .03710
15 17 12.10 6.36 .0000k1 00082 ,00247 00247 5.93h4 4,322 6.525 7.013 5.499 5.983 -.00007 -.00030 - .03865 .02887 .,03283
16 12 11.87 6.18 .000042 ,00166 .00RK9 .00249 | 11.158  10.159 13.510  11.881 10.36k 12.120 00074 -,00050 - .05721 .04706 .03986
16 18 12.12 6.55 .0000k1 .00162 ,002k3 .00243 | 9.000 6.755 11.009  10.173  6.957  B.446 .00092 -.00059 - .ObL78 .03505 .03549
17A 11 12.52 6.87 .0000L2 ,00L25 0 [o} 7.373 6.260  9.138 8.217  6.430  8.632 .00290 -.00178 - .05635 .0k724  .Ok167
174 19 11.99 S5.74 000042 00420 12 ¥ 9.808  10.259 14.316  1k.70k  13.546 15.520 .00067 -.00067 - .0k682 .03687 .03697
18 8 12.35 7.70 .000121 .00k84 0045k ,o0Lksh | 4,684 4,585  6.096 L.824  h.271  6.343 .002kk -.0017h - .05115 .0k175 .03410
18 10 12.43 7.26 .000122 .00488 00457 00457 | L,L46O 3.545  6.579 5.815  3.930  5.986 .00286 -,00184 - .04879 .03954 .03510
18 20  12.21 6.54 .000127 .00506 ,OO475 .00L75 | 5.545 L. uk8 7,022 6.398  6.032  T7.061 .0023k -,00129 - .05613 04654 .0L297
19 21 12.17 6.13 2 [ 0 s} 5} 21.348 19,083 1462 12,520 16,708 10.917 .05136 -.03369 -.656 .OLLT6 .03511 .0L322
20 22 12.34 6.73 .000043 ,00172 .00258 .00258 | 8.705 8,515 1k.122  10.475  7.754  B.765 .06166 -,04069 -.660 .03L70 .02231 .02355
20 23 12.30 7.02 .000041 ,00164 .002u5 .002L5 | 6.735 7.331  10.403 9.773  7.33%  8.520 05835 -.03923 -.672 .OuLlL ,03498 .02565
20 24 12,00 5.80 i .000042 ,00169 .0025k .00254 | 8.197 7.551 11.568  10.3%%  7.199 . 8.475 .05907 -.03955 -.670 .05075 .04159 .Ouk15
21 25  12.26 6.80 .0000lk1 .00164 00400 .00133 | 6.986 6.376  11.163 9.867  6.378  7.611 .0584k -,03880 -.66k .0519L .oh2L2 .0376L
22 26 12,34 6.88 L4 ., 0 0 [} [} 27.375  21.984 16.928  15.450 15.128 11.775 .10397 ~.06731 -.647 .03891 .02952 .02552
22 28 12,29 7.15 ¥ ¥ 27.558 22,861 15.536  12.853 13.483  9.386 .10951 -,07038 -.6LL .Okokl ,03995 .02569
23 Lo 11.86 7.28 .000039 .0015k .00231 .00231 | 13.000 15.891  17.789 14,040 11,617 10.006 .09300 -,06093 -.655 .05611 .0k59k 01162
2 Bl 11,76 6.75 .000036 0014k 00513 [+ 14,736 16.967 18.790  15.968 15.241  10.538 .10805 -.06967 -.645 .05793 .OWT60 .O4E69
' FASTAX SHOTS
20 k2 12.28 6.06 i .0000L5 .00L78 .00268 .00268 | 10.036  11.966 13.849  11.206 10.913  10.508 .05955 -.03917 -.658 .05938 .0499L 0281k
20 k3 12,26 6.07 ,0000kk ,00177 .00265 .00265 | 11.861  10.208 12.896  11.535 11.138  9.236 .06006 -.03950 -.658 .06352 .05kOL .02716
24 b 12,10 6.44 4 .000042 .00166 00593 3} .400 15,132 15.335  1h.979  14.485  11.103 11707 -.07585 -.648 .06567 .05590 0597k
OTHER SHOTS
- b5 17.02 1.6 0O %.586 3.581 2,79 2.290  L.835 2,512 | -.00079 .000kk - ,06317 .0582k .00275
- Lg 17.70 1.0k l [ .000136 .00996 01001 - 1.783* 1.l15 1.082 3.327 1.305 .00201 -,00175 - .05227 .OWT7L .006LL
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where injection-induced turbulence was observed in the flow-
visualization photographs. [n light of this information, the
data for the forward thermocouples, which apparently were
exposed to a purely laminar flow, were compared with the
results of Ref. 21, which were obtained at a Mach number of
5 and freestream unit Reynolds number of 1.2 (109 /ft. The
agreement was quite satisfactory.

Force and moment data, which were taken concurrently
with the heat-transfer measurements, are presented in Table 1
as force coefficients (assuming the base pressure to be zero
and freestream) and moment coefficients. An effort was made
to separate the total measurements into pressure and skin-
friction contributions, although neither was measured. The
assumed pressure field has been discussed. The skin-friction
contribution was calculated using Reynolds analogy for
hypersonic flow with the Stanton numbers determined using
the thermocouple measurements. Danberg et al.?? found
that the relation between the skin-friction coefficient and the
Stanton number varied with the mass-injection rate. How-
ever, for the mass-injection rates of the current program, the
variation is small and the constant ratio of Reynolds analogy
was assumed valid. Values of the resulting skin-friction
coefficients for the cone at @ = 0° are shown In Fig. 7. The
no-injection coeflicients are compared with the sharp-cone
relation® As shown, the skin-friction coefficients calculated
using the heat-transfer data for the no-injection cases corre-
late reasonably well with theory, with slightly closer agree-
ment at Mach 17. At these conditions (low Reynolds num-
ber), the skin-friction coefficient decreases continuously with
increased mass injection, as illustrated by data fairings (Fig.
7), where the gas (methane) is injected into the flow only
through the two foremost compartments, simulating flm
cooling. For the high Reynolds number flow (Mo = 12),
gases (methane and ethylene) are injected from all four
compartments, simulating both film and transpiration cool-
ing, for the model. As noted for these runs, the skin-friction
coefficients based on the heat-transfer data indicate that mass
injection has promoted boundary-layer transition. The skin-
friction coefficients for the aft portion of the cone correlate
reasonably well with the transpiration cooling for a turbulent
boundary layer. Comparisons of integrated values of the
pressure and skin-friction contributions and the measured
force data are shown in Table 2 and indicate reasonable agree-
ment considering the uncertainties in obtaining distributed
properties.

Only limited data were obtained at angle of attack; how-
ever, some interesting results are suggested by the axial force
coefficient data shown in Fig. 8. A typical and rather large
reduction occurs at @ = 0 with increasing mass injection at
the tip, approaching the viscous interaction theory of Whit-
field and Griffith?® and the inviseid predicted values of Sims.?
As indicated by Studerus” et al, this is due primarily to a re-
duction in skin friction since the initial effect of mass injec-
tion on the pressure is slight. The decreased effectiveness
of mass injection on C4/Cao at & = 2 and 4° is attributed to
a thinner boundary layer and greater shear stresses on the

Table 2 C4 data comparison with mass injection, a = 0

M, =12 M, = 17
From From

local Force local Force

Cir data tests Cir data tests

0 0.056 0.040 0 0.061 0.073

0.046 0.063

0.0064 0.054 0.045 0.0076 0.052 0.052
0.057

0.0139 0.052 0.049 0.0146 0.049 0.044
0.051

0.0376 0.047 0.040
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~——— DATA FAIRING
—= —— APPARENT EFFECT OF MODEL BREATHING
O MACH 12, TRANSPIRATION COOLING

< MACH 17, FILM COOLING

1 |
0 0.005 0.010 0.015
CET
Fig. 9 Effects of film and transpiration cooling on normal
force coeflicient slope.

windward side (but still less than values without blowing)
caused primarily by higher pressure there and cross flow.

The effect of mass injection on the normal force coefficient
slope, normalized to the nonporous, no-injection blunt-cone
data correlation of Whitfield and Wolny,?* is shown in Fig. 9
and agrees with the results of Eckstrom,? indicating that film
and transpiration cooling initially reduce Cxo. The porosity
of the model apparently caused some noticeable configuration
breathing (defined here as an uncontrolled and probably non-
uniform mass flow through the surface) for zero mass injec-
tion, resulting in a significantly lower value of Cy,, as shown.
It is likely that breathing did not oceur with mass injection.
The reduction of Cx, with mass injection can be explained
in part by using arguments of Chrusciel and Chang? where
cross flow at angle of attack, highly induced by mass injec-
tion, causes pockets of high-pressure regions on the leeward
side, thus contributing to the reduction. Another considera-~
tion is the obvious change in shock shape with mass injection
and cone incidence which would alter the pressure differential
and reduce Cyg.

Conclusions

The nature of the test program for film and transpiration
cooling effects at hypersonic speeds was exploratory, resulting
in the investigation of many effects. This caused a limited
amount of data for each effect; however, analyses of the data
for the distributed heat transfer, forces, and moments and the
schlieren photographs yielded interesting conclusions as
follows.

1) Film cooling resulted in a significant decrease in heat
transfer over the surface and in values of the axial force
coefficient. The effectiveness of film cooling on heat transfer,
however, decreased with distance from the cooling region
and with angle of attack. Its effectiveness on force data also
decreased with angle of attack. The injection of the coolant
in the tip region did not induce transition for this lower
Reynolds number flow.

2) Gas injection from all compartments (simulating local
ablation or transpiration cooling as well as film cooling) led
to a more complex flowfield. Premature boundary-layer
transition did oceur as a result of the higher Reynolds num-
bers and distributed mass injeetion, resulting in higher local
heating rates above the no-injection values.

3) A reduction in the normal force coefficient slope was ob-
served with increased mass-injection rate for both film and
transpiration cooling.

4) Apparently, breathing through the model skin reduced
the values of the normal force coefficient slope for the no-
injection runs, although no identifiable effect could be seen
in the heat-transfer data. The effect was not present for the
tests with mass injection.
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