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SUMMARY 

Tests have been made of the effectiveness of transpiration cooling 
of an SO total angle conical body, wherein 'water was liberated onto the 
surface through a porous section near the nose, while subject to aero-
dy~c heating at Mach number 2.05, at a Reynolds number of 11.1 X L06 
based on body length, and at a stagnation temperature of about 5500 F. 
The surface of the conical body was maintained at a temperature of 1250 F 
by expenditure of approximately 2.7 pounds (0.33 gallon) of water per 
minute per square foot of cooled area . The cooled surface temperature 
was found to agree with that calculated on the basis of evaporation of 
the water f ilm. 

A reference test without transpiration cooling was made of recovery
factor and heat-transfer coefficient and the measured values are in agree
ment With theoretical values. 

INTRODUCTION 

The phenomenon of aerodynamic heating in supersonic flight has been 
investigated experimentally and correlated With theory (for example, 
refs. 1 and 2), and the destructive effects of aerodynamic heating have 
been demons trated and reported (for example, refs. 3 and 4). Accordingly, 
the Langley Pilotless Aircraft Research Division has conducted explora
tory tests of transpiration cooling as a means of alleviating the aero
dynamic heating of supersonic aircraft. Theoretical and experimental 
investigations of transpiration cooling of rocket nozzles and surfaces 
heated by hot gases have been reported in references 5 to 8 . 
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Herein are reported tests of the effectiveness of transpirat10n 
cooling in alleviating aerodynam:lc heating. Water was used as the coolant 
and waS l1berated upon the surface of a conical body through a porous sec
tion near the nose of the model while the body was subject to aerodynamic 
heating in a free jet at approx1mately sea-level conditions and having a 
stagnat10n temperature of 5500 F. The cooling process is' assumed to be 
that of evaporation of the liquid film, and calculations of the equilibrium 
temperatUre under steady cooling are presented. 

SYMBOlS 

M Mach number 

V velOCity, ft/sec 

h local heat-transfer coefficient, Btu/(sec)(sq ft)(~) 

Tw skin temperature, ~ 

Tl local temperature outside the boundary layer, ~ 

To stream stagnation temperature,.~ 

Taw adiabatic wall temperature, OR 

T skin thickness, ft 

d mass density of wall, lb/cu ft 

c specific heat of skin, Btu/(lb )(~) 

t time, sec 

I length from the apex of cone along the axis of the model, ft 

~ absolute viscosity of air, (lb) (sec)/sq ft 

Cp specific heat of air at constant pressure, Btu/(slug)(~) 

k thermal conductivity of air, Btu/(sec)(ft)(~) 

Nu Nusselt number, hI/k, dimensionless 

Pr Prandtl number, CrP/k , dimensionless 

I 

J 
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R Reynolds number, pV2/~ 

p densit y of air, slugs/cu ft 

TEST APPARATUS AND MODEL 

Preflight Jet 

The preflight test apparatus used for this investigation i s located 
at the Langl ey Pilotless Aircraft Research Station at Wallops I sland, Va. 
Air for the operation of the preflight jet was stored in two spheres 
having a t otal volume of 25,000 cubic feet and at a pr essure of 220 pounds 
per square inch absolute. A hydraulically controlled valve r egula t ed t he 
air from t he spheres. The air then passed through a heat exchanger wher e 
it was heated to approximately 6000 F, sufficient to compensate f or the 
adiabatic temper ature drop ·through the supersonic nozzle. The air then 
passed t hrough a three-dimensional nozzle and exhausted to t he atmosphere. 
Various Mach numbers can be obtained by interchanging the nozzl e. The air 
supply was sufficient to enable continuous testing for approximat ely 
50 seconds at t he desired flow conditions. A shadowgr aph sys tem is pro
vided for flow observation. 

Model 

The conical model used for these tests is shown in figure 1 installed 
in the t est posit ion in the B-inch-diameter jet. Details of construction 
of the model are presented in figure 2. The total apex angle was 80

• A 
l-inch-wide circumferential band of porous material through which the 
cooling water emerged was installed flush with the cone surface and extended 
over the regi on f rom 2.52 to 3.52 inches from the apex. This porous band was 
constructed of calendered metal filter cloth woven from Monel wire. Prior to 
calendering , the wire cloth was of twill Dutch weave with a warp count of 
30 wires per i nch of O.OlO-inch diameter and a fill count of 250 wi res per 
inch of 0.008-inch diameter. The thickness and porosity of the wi re cloth 
were reduced by r olling and hammering to a thickness of 0.017 inch, 
yielding a porous surface devoid of protuberances. The por ous band was 
formed by wrapping the wire cloth into the form of a frustrum of a cone 
and jOining by means of a silver-soldered butt joint. The longitudinal 
butt joint pr oduced a nonporous strip of approximately l/B-inch wi dt h. 
Behind the porous section the model was constructed of 0.0315- inch-thick 
Inconel . 

Cooling System 

The cool ing water was piped to the porous band and the mas s r ate of 
flow measured by means of the system shown in figure 3 . The water was 
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forced from the storage tank by nitrogen gas applied through a pressure 
regulator. The water passed through a filter, a metering orifice, and 
then to the porous band by a pipe inside the conical model. The water 
employed was not distilled or otherwise treated. The mass rate of flow 
of the cooling water was continuously measured during the tests by auto
matically recording the pressure drop across the calibrated metering 
orifice. The pressure drop across the metering orifice was made large 
compared to any conceivable' fluctuation in water pressure downstream of 
the orifice to insure constant mass rate of flow. At the lowest water 
mass-flow rate employed it was observed that the water tended to issue 
only from the bottom side of the porous band. This was overcome by 
packing absorbent cotton into the space underneath the porous band, 
shown in figure 2, and remOving the metering orifice so that the water 
pressure drop occurred through the absorbent cotton which then served as 
the metering orifice. Measurement of the mass rate of water flow through 
the absorbent cotton metering system, and also check measurements of the 
system employing the metering orifice, were made immediately before and 
after each test by measuring with a stop watch the time re~uired for a 
measured amount of water to be discharged. The temperature of the cooling 
water was measured with mercury-in-glass thermometers. The supply of 
cooling water was permitted to attain apprOximately atmospheric tempera
ture before use to insure minimum variat.ion of water temperature during 
the tests. The exterior surface of the model and the porous band were 
scrubbed with a 10 percent by volume water solution of commercially pure 
alkyl aryl polyether alcohol, which is a detergent and wetting agent, to 
remove grease or other matter. Cleansing of the model was considered 
ade~uate when water poured over the model was observed to form an unbroken, 
adherent film. 

Temperature Measurements 

In order to provide measurements of the skin temperature of the model, 
a total of 25 iron-constantan thermocouples made of No. 32 gage wire were 
imbedded in the Inconel skin behind the porous band. The locations of the 
thermocouples are shown in figure 2. The thermocouples were arranged in 
four rows of seven thermocouples each, the rows being along elements of the 
cone spaced 900 apart. The thermocouples were spaced 1 inch apart in the 
rows, the first thermocouples being 4.5e inches and . the last 10.58 inches 
from t he apex. The thermocouples were installed by drilling through the 
skin t he smallest hole into which t he thermocouple would fit, inserting 
the t hermocouple, filling the , hole with silver solder, and smoothing the 
exterior surface. The thermocouple l eads were taken out through the bas e 
of the model and down the rear of the model support strut, as shown in 
f igure 1 . A common cold junction was employed. Continuous time histories 
of t he t hermocouple potentials were automatically recorded during the tests 
')12 multi ple-channel recording galvanometers. All automatically recorded 
~asurements were time-synchronized by a 10-cycle-per-second electrical 
-t.iming system. 
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TESTS 

All tests were performed with the model mounted in the jet at zero 
angle of attack and angle of yaw, as shown in figure 1. 

The tests with water transpiration cooling were performed by first 
setting the mass rate of flow of the cooling water and then starting the 
supersonic air jet. Approximately 5 to e seconds are required for the 
jet to establish steady flow from the nozzle at Mach number 2.05. Steady 
flow was maintained until several seconds after the measurements of skin 
temperature indicated that the model had attained essentially equilibrium 
temperature. Data are presented for two tests, one where it was observed 
that cooling occurred over the entire instrumented length of the model, 
and another test at a reduced rate of coolant flow where only part of the 
model was cooled. 

In order to provide a basis for evaluating the effectiveness of the 
water transpiration cooling, a test was performed without water cooling. 
This reference test provided measurements of the recovery factor and the 
heat-transfer coefficient in the dry condition. 

RESULTS AND DISCUSSION 

Reference Test Without Cooling 

Recovery factors.- The boundary- layer recovery factor in the test 
without cooling is defined as 

wherein Taw is the adiabatic wall temperature, Tl is the local temper
ature just outside the boundary layer , and TO is the stream stagnation 
temperature. The effects of radiation and heat conduction along the skin 
on the heat transfer were calculated and found to be negligible compared 
to the heat transferred to the skin from the boundary layer . The supply of 
air in the storage spheres and the supply of heat in the heat exchanger of 
the preflight test apparat us limited the duration of the test under steady 
flow condition to about 50 seconds, so that equilibrium conditions could be 
approached closely but not actually attained. Therefore, the measured 
ratio of skin temperature to stagnation temperature for each thermocouple 
was plotted against the reciprocal of time, and the nearly linear curves 
so obtained extrapolated to infinite time. From the values at infinite 
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time thus obtained, the recovery factors were computed. The recovery 
factors are shown in figure 4 plotted against distance behind the porous 
band. For comparison are shown the theoretical recovery factors for a 
laminar and for a turbulent boundary layer, as given in references 9 
and 10, respectively, wherein the laminar recovery factor is found to be 
the square root of the Prandtl number, and the turbulent recovery factor 
the cube root of the Prandtl number. The Prandtl number was based upon 
air conditions just outside the boundary layer, which conditions are 
theoretically constant along a cone. The close agreement of the recovery 
factors with the theoretical value for a turbulent boundary layer indi
cates that the boundary layer was turbulent. The test Reynolds number, 

based upon conditions just outside the boundary layer, was 13 x 106 per 
foot. The Reynolds number, based on distance from the apex of the model, 

therefore varied linearly from 4.96 x 106 at the most forward thermo

couple to 11.48 X 106 at the most rearward thermocouple. A turbulent 
boundary layer would therefore be expected. Also, the roughness of the 
porous band and weak shock waves originating from the nozzle and inter
secting the model as shown in figure 5 would be expected to cause the 
boundary layer to be turbulent. 

Heat-transfer coefficients. - The aerodynamic heat-transfer coeffi
cient was measured during the transient heating of the uncooled model 
after the establishment of steady air flow from the nozzle. The rate of 
heat transfer per unit of model surface area per unit of time is 

The accumulation of heat in the model skin per unit of model surface area 
per unit of time is 

Tdc dTw 
dt 

Equating the rate of heat flow into the skin to the rate of accumulation 
of heat in the skin and solving for the aerodynamic heat-transfer coef
ficient gives 

h 

Tdc dTw 
dt 
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The aerodynamic heat-transfer coefficients were evaluated by this equa
tion taking the mass density of the Inconel skin as 530.5 pounds per 
cubic foot and its specific heat as 0.109 Btu per pound of mass per 
degree Fahrenheit. The skin temperature and its time rate of change were 
obtained from the measured time histories of the skin temperature. The 
adiabatic wall temperature was computed by using the experimentally deter
mined recovery factors. 

In order to facilitate comparison with theory, the measured aerody
namic heat-transfer coefficients are presented in figure 6 as the 
Nusselt number divided by the cube root of the Prandtl number plotted 
against the Reynolds number. In computing the Nussel t number, the 
Prandtl number, and the Reynolds number, the air properties and velocity 
were based upon conditions just outside the boundary layer, and the length 
was taken as the distance from the apex of the cone to the measurement 
station. Results are presented for ratios of skin temperature to temper
ature just outside the boundary layer of 1.48, 1.52, and 1.56. For com
parison is shown the curve of the theoretical heat transfer upon a cone 
for a turbulent boundary layer at a value of the thermal ratio ~/Tl 

of 1.52, as given in reference 11. The theoretical curves for thermal 
ratios of 1.4B and 1.56 fall, respectively, upon the upper and lower edges 
of the curve for thermal ratio 1.52, and accordingly are not shown. Also 
is shown the laminar boundary-layer heat-transfer curve for a cone, as 
given in reference ~2. The agreement of the experimental values with the 
turbulent boundary-layer theory substantiates the indication of the recovery
factor measurements that the boundary layer was turbulent in the region 
of measurement. 

The experimental points in figure 6 form seven groups at different 
Reynolds numbers corresponding to the seven longitudinal positions upon 
the model at which thermocouples were installed. It 1s interesting to 

note that below a Reynolds number of about 7.5 x 106 the experimental 
points in figure 6 tend to fall below the theoretical turbulent curve, 
whereas above this Reynolds number they tend to fall above the curve. 

The Reynolds number of 7.5 x 106 apprOximately coincides with the place 
at which a disturbance from the lip of the jet nozzle impinged upon the 
model, as shown by the shadowgraph of figure 5. 

Cooling Test With 0.010 Pound of Water Per Second 

The distribution of skin temperature ~ measured on the model with 

a cooling water mass-flow rate of 0.010 pound per second is shown in fig
ure 7. The cooling water entered the model at a temperature of 520 F. 
The air-jet Mach number was 2.05, the Reynolds number per foot of length 

was 12.6 X 106, the free-stream temperature was 870 F, the stagnation tem
perature was 5520 F, and the ~ree-stream pressure was 13.6 pounds per 
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square inch absolute. Disregarding all disturbances to the flow except 
the conical shock wave emanating from the apex of the cone, the air Just 
outside the boundary layer of the cone is computed to have a Mach num-

ber of 2.0, a Reynolds number per foot of length of 13.05 X 106, a tem
perature of 1030 F, and a pressure of 14.7 pounds per square inch absolute. 
Under these conditions the water transpiration cooling maintained the 
model skin behind the porous band at a temperature of about 1250 F. The 
four types of experimental point symbols shown in figure 7 refer to the 
four rows of thermocouples spaced 900 apart around the model. The cooling 
is uniform both longitudinally and circumferentially. For comparison is 
shown the adiabatic wall temperature, or skin equilibrium temperature, 
of 5000 F that would have been attained in the absence of water transpira
tion cooling. This adiabatic wall temperature was computed from the 
recovery factors measured in the reference test without cooling. The 
coolant water mass-flow rate of 0.010 pound per second thus maintained 
the skin at a temperature 3750 lower than without cooling. After the 
attainment of steady air flow, the cooling was maintained for a period 
of 50 seconds and gave no evidence of fluctuation. 

Cooling Test with 0.0025 Pound of Water Per Second 

An endeavor was made to perform cooling tests at progressively lower 
water mass-flow rates in order to establish the variation of equilibrium 
skin temperature with water mass-flow rate and to explore the condition 
wherein the water flow rate would be inadequate to accomplish cooling over 
the entire length of the model skin in which thermocouples were imbedded. 
At water mass-flow rates of 0.0075 and 0.0050 pound per second, using the 
metering orifice located in the coolant water line approximately 4 feet 
from the porous band, the skin-temperature measurements indicated nonuni
form circumferential distribution of water, with cooling occurring pre
dominantly on the bottom side of the model. Also, the cooling was 
uns~eady, there occurring bursts of cooling presumably due to the cavity 
underneath the porous band partially emptying of water. It was found that, 
by removing the metering orifice from the water line and packing the cav
ity beneath the porous band with absorbent cotton, steady water flow could 
be maintained with considerably improved circumferential distribution. 
The water pressure drop through the absorbent cotton effectively provided 
a metering orifice. Evidently there must exist a pressure drop through 
the porous band to effect steady and circumferentially uniform water 
distribution. 

With the absorbent cotton system a cooling test was made with a 
water mass-flow rate of 0.0025 pound per second. This water-flow rate 
was inadequate to produce cooling over the entire length of the model 
skin in which thermocouples were embedded. Time histories of the skin 
temperatures measured by the thermocouples are shown in figure 8. The 
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temperature curves bear t he numbers of the t hermocouples whose locations 
are shown in figure 9. Thermocouples numbers 8 and 16 malfunctioned and 
are not reported. Inspection of the temperature time histories in fig
ure 8 shows that, aft er the establishment of approximatel y steady test 
conditions at about 20 seconds, there occurred moderately steady cooling 
until about 28 seconds, at which time deteriorat ion of the cooling is 
observed to begin. This deterioration of cooling is believed to be asso
ciated with the formation of a grey deposit upon the model. It was 
observed that in regions near the porous band, where cooling was defi
nitely maintained, there was no evidence of deposit, whereas farther 
rearward on the model where cooling was not maintained, there was deposit. 
Tests in which samples of the cooling water were evaporated from a sheet 
of Inconel showed similar deposits. It was also observed that water 
poured upon the portion of the model surface free of deposit did not 
appear to wet the surface and form an adherent film as readily as before 
the test, giving evidence that the wetting agent with which the model 
had been washed prior to the test had been partially removed during the 
test. Tests in which samples of the wetting agent were evaporated from 
a sheet of Inconel showed no deposit. Evidently distilled water should 
be employed to which a small ~uantity of wetting agent has been added. 

In figure 9 is shown upon a development of the model skin the tem
perature contours taken at 26 seconds from the time histories of figure 8. 
This time is representative of e~uilibrium conditions and is after the 
decay of the starting transients, but before the noticeable onset of model 
surface contamination. At 26 seconds the air-jet Mach number was 2.05, 

the Reynolds number per foot of length was 12.65 x 106 , the free-stream 
temperature was 880 F, the stagnation temperature was 5750 F, and the free
stream pressure was 13.6 pounds per s~uare inch absolute. Disregarding all 
disturbances to the flow except the conical shock wave emanating from the 
apex of the cone, the air just outside the boundary layer of the cone is 
computed to have a Mach number of 2.0, a Reynolds number per foot of length 

of 12.9 x 106 , ~ temperature of 1000 F, and a pressure of 14.7 pounds per 
s~uare inch absolute. The temperature of the cooling water entering the 
model was 500 F. 

The temperature contours of figure 9 show that the coolant water 
mass-flow rate of 0.0025 pound per second maintained the model skin at 
between 1130 F and 1250 F at the first, second, and almost to the third 
circumferential band of thermocouples behind the porous section. From 
this point rearward the skin temperature rises rapidly towards the adia
batic wall temperature of 4980 F, computed from the recovery factors 
measured in the reference test without cooling. The temperature contours 
show the existence of a cool streak extending farther downstream than the 
most rearward band of thermocouples. This cool streak may be caused by 
any of the following conditions: irregularities in the air flow or in the 
distribution of coolant around the model, a slight angle of attack of the 
model, or the presence of the 1/8-inch-wide nonporous seam in the porous 
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band. Thermocouple number 11 indicated a temperature of 1400 F, which 
is higher than that shown by thermocouples both upstream and downstream 
of it. Reexamination of this thermocouple showed no evidence of 
malfunctioning. 

A shadowgraph of the flow about the model taken at approximately 
26 seconds during the test with coolant water mass-flow rate of 
0.0025 pound per second is shown in figure 10. A disturbance origi
nating from the lip of the supersonic nozzle is observed to impinge upon 
the model between the third and fourth circumferential bands of thermo
couples behind the porous band. Comparison of the point of impingement 
of this disturbance with the temperature contours of figure 9 shows that 
the rapid rise of skin temperature begins upstream of this point of 
impingement, indicating that the start of the rapid rise of skin tem
perature is probably not associated with the disturbance impingement. 

Hypothesis of the Phenomena of Liquid Transpiration Cooling 

The phenomenon of the alleviation of aerodynamic heating by liquid 
transpiration cooling is assumed to be one involving evaporation to the 
point of saturation of the air adjacent to the liquid film. It is 
assumed that upon emerging at the surface of the body the cooling liquid 
is carried back over the body surface in the form of a thin film by the 
friction drag. The cooled region is considered divisible into three parts. 
The first region extends from the point of emergence of the cooling liquid 
back to the place where the skin temperature under steady cooling becomes 
approximately constant w.i th distance along the surface. In this first 
region the temperature of the liquid film is assumed to change from the 
temperature at which the liquid emerges to the approximately constant skin 
temperature of the second region. The second region is that where the 
skin temperature under steady cooling is approximately constant with dis
tance along the surface. The liquid film is assumed to terminate at the 
downstream end of this second region. The third region is that in which 
the-skin temperature rises from the apprOximately constant temperature 
of the second region toward the adiabatic wall temperature that would 
exist without cooling . Thus the first and third regions are considered 
transition regions, whereas the second region is considered one of steady 
cooling. 

In the second region it is assumed that at the air-liquid interface 
the flux of heat into the liquid film from the air is exactly equal to 
the flux of heat out of the liquid film by the process of evaporation. 
At the air-liquid interface, which is at the bottom Qf the boundary layer, 
the velocity of the air relative to the body approaches zero, and the air 
adjacent to the liquid film is assumed saturated with the vapor of the 
liquid. For liquids whose vapor does not undergo chemical reaction ~th 
the air during evaporation, the mass of vapor required to produce satura
tion of a unit mass of air at a given pressure is a function of 

I 
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temperature (ref. 13). For any given pressure a graph can therefore be 
constructed upon which is plotted a curve of the mass of vapor required 
to produce saturation of a unit mass of air as a function of temperature. 
The temperature at the air-liquid interface must then lie somewhere along 
this saturation curve. 

It is assumed that the point along the saturation curve representing 
the tempeTature at the air-liquid film interface in the second region can 
be determined in the following manner. In the absence of transpiration 
cooling the temperature attained by the air adjacent to the skin at the 
bottom of the boundary layer under steady conditions is the adiabatic 
wall temperature. Evaporation of' the cooling liquid into this heated air 
can proceed until saturation is attained. The evaporation lowers the 
temperature of the air by virtue of the heat of vaporization of the liquid. 
In accord with the conservation of energy, the change in enthalpy, or total 
heat content, of the unit mass of air in cooling from adiabatic wall tem
perature to saturation temperature is equal to the heat of vaporization of 
the liquid required for saturation of the unit mass of air. There may be 
calculated the point upon the saturation curve where evaporation of the 
liquid into the air to the extent of saturation lowers the temperature 
exactly to the saturation curve. The temperature on the saturation curve 
thus determined is assumed to be the temperature at which evaporation is 
taking place. This temperature is also the temperature of the liquid film 
as well as that of the skin, in accord with the assumption that in the 
second regidn the flux of heat into the liquid film from the air is exactly 
equal to the flux of heat out of the liquid film by the process of 
evaporation. 

Comparison of Measured Skin Temperature 

With That Predicted by Hypothesis 

The transpiration cooling test at a water mass-flow rate of 
0.01 pound per second produced an approximately constant temperature 
over the entire length of the model's skin in which thermocouples were 
embedded. This nearly cons_tant temperature region is assumed to be the 
second region of the foregOing hypothesis. The skin temperature pre
dicted by the hypothesis can be conveniently determined for this test by 
the graph shown in figure 11. 

Disregarding all disturbances to the flow except the shock emanating 
from the apex of the conical model, the pressure upon the surface of the 
model is computed to be 14.7 pounds per square inch absolute. Figure 11 
has been computed for standard sea---level pressure of 14.7 pounds per 
square inch absolute and for a turbulent boundary layer. Just outside 
the boun~y layer the Mach number is computed to be 2.0 and the temper
ature 1030 F. Beginning at the temperature of 1030 F on the scale 
labeled Tl , temperature just outside boundary layer, and proceeding 
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upward, as shown by the broken line, to the curve for Mach number 2.0 
representing the Mach number jus~ outside the boundary layer, and then 
across the figure to the temperature scale, the uncooled adiabatic wall 
temperature is found to be 5000 F. The curves running from the left-hand 
temperature scale down to the saturation curve are curves of constant 
enthalpy. Proceeding from the dry adiabatic wall temperature along a 
line of constant enthalpy to the saturation curve and then across to the 
left-hand temperature scale, as shown by the broken line, the transpira
tion cooled skin temperature predicted by the hypothesis is found to be 
1230 F, which is , within the experimental accuracy of the test, in agree
ment with the measured value of 1250 F shown by figure 7. 

Curves for Mach numbers 3 and 4 are also shown in figure 11. The 
effect of Mach number at sea-level pressure on the cooled skin tempera
ture is seen to be small according to this method of prediction. Although 
the hypothesis provides a means of predicting the skin temperature under 
transpiration cooling at other Mach numbers, altitudes, and with other 
cooling liquids, it is considered that further tests should be performed 
before confidence could be placed upon such predictions. 

Water Consumption 

From the viewpoint of design of a transpiration cooling system, it 
is of interest to compute the amount of water required per unit of cooled 
area per unit of time. For the test at a water mass-flow rate of 
0.0025 pound per second at 500 F, if the cooled area is considered to 
extend from the forward edge of the porous band back to the 1250 F tem
perature contour, and all cooling farther downstream is disregarded, 
even the cool strip, the required cooling water is computed to be 
2.72 pounds per square foot per minute or 0.326 gallon per square foot 
per minute. An ideal water jacket attached to the under surface of the 
skin and cooling the same area to the same temperature of 1250 F with 
the inlet water temperature the same would require a water mass-flow rate 
approximately four times as great. This is because the water jacket does 
not make use of the heat of vaporization. Another comparison can be made 
in which the heat of vaporization is utilized. Assuming that the heat
transfer coefficient to the water film is the same as that to the dry skin, 
the heat prevented from entering the skin per unit of time is computed to 
be approximately 29 percent of the heat that the water mass-flow rate of 
0.0025 pound per second is capable of absorbing in changing from water at 
the inlet temperature of 500 F to vapor at 1250 F. 

Concluding Remarks 

The exploratory tests of transpiration cooling herein reported show 
that at a Mach number of about 2 under approximately sea-level conditions 
with a stagnation temperature of 5500 F, a skin temperature of about 1250 F 
can be maintained on an eO total apex angle cone by liberation of water 
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onto the cone surface through a small porous sect ion of ski n. The water 
consumption rat e is found to be about 2.7 pounds (about 0. 33 gallon) per 
square foot of cooled surface per minute . The porous-band- t r anspiration 
cooling syst em employed in these exploratory tests gives promise of pro
viding a l i ght er transpiration cooling system than one i n which the entire 
cooled surf ace is porous and requires double-wall water - Jacket-type 
construction. 

An hypothe s i s of the cooli ng process i s advanced by which the cooled 
skin temper ature can be calculated. The calculat ed cool skin temperature 
is found t o agr ee with that measured in the tests. Although the hypothe
sis provides a means of predicting the skin temperature under transpira
tion cooling at other Mach numbers~ altitudes, and with other cooling 
liquids, i t i s considered that further tests should be perf ormed before 
confidence could be placed upon such predictions. 

The boundary- layer recovery factor measured on the uncooled 80 con
ical test body is in agreement with the theoretical value for a turbulent 
boundary l ayer , and the heat-transfer coefficients are i n agreement with 
Van Driest ' s t heory for turbulent boundary-layer heat t r ansfer on a cone. 

Langley Aer onaut ical Laboratory, 
National Advisory Committee for Aeronautics, 

Langl ey Field, Va., July 24 , 1953. 
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Figure 2.- Diagrammatic sketch of test model illustrating cooling mechanism. 
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Figure 3.- Schematic drawing of water-injection system. 
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Figure 4.- Recovery factors measured on the model for the test without 
cool i ng. 
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Figure 5.- Shadowgraph of test with no coolant flow. 
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Figure 6.- Correlation of heat-transfer data for the test without cooling. 
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Figure 7 .- Skin-temperature distribution on cone for water injection rate 
of 0.010 lb/sec. 
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Figure 8.- Skin-temperature time histories for the ~est for 0.0025 pounn 
of water per second. 
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Figure 9.- Skin-temperature distribution on surface of cone for water 
r ate of 0.0025 pound per second at 26 seconds. 
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Figure 10.- Shadowgraph for the cooling test for a water rate of 

0.0025 pound per second. 
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Figure ll.- Method of calculating the equilibrium skin temper a ture for 
transpiration cooling. 
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