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INTRODUCTION

Viscous dissipation of energy in the boundary layer reaches such

magnitude and the layer is so thin in the case of supersonic aircraft

that it becomes exceedingly difficult to maintain a moderate surface

temperature by means of internal cooling. Heat transfer rates are even

greater if the boundary layer state is turbulent instead of laminar. It

becomes of interest therefore to study other means of cooling the surfaces

of high speed aircraft and as an idealization to study the cooling of a

flat plate aligned with the flow.

These considerations lead one to separate studies of laminar and

turbulent boundary layers and of transition as affected by the introduc-

tion of liquids and light gases directly into the boundary layer itself.

The coolants may be injected into the outer flow either at well-separated

locations or almost continuously by means of closely spaced pores. Since

transition to turbulence will be promoted by the "troughness" of the injec-

tion mechanisn, it is conservative at first to assume that transpiration

cooling will be concurrent with a turbulent boundary layer state.

When the usual solid wall boundary condition of zero normal velocity

is replaced, for a porous wall, by one of finite normal velocities, it is

to be expected that the properties of the viscous boundary layer associated

with a convective flow over the wall will be affected. The distributions

normal to the surface of such descriptive variables as velocity, temperature,

and concentration of foreign gas may be modified strongly if gas is intro-
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duced which has markedly different kinetic and thermal properties from

those of the free stream gas. Of practical interest are two possibili-

ties: (1) the rate of heat transfer to the wall may be reduced to a

significant extent by a small mass flow of transpired gas, and (2) the

laminar stability of the boundary layer may be improved. Experiments on

the first possibility for a turbulent boundary layer in a supersonic

flow are reported herein.

Theories have been presented for statistically steady t~ulent

boundary layer flow including the effect of finite normal velocity at

the wall. Film theory1 involves such crude assumptions that it may be

accepted only qualitatively, but it displays the effect of mass diffusion

in a simple manner whereas the more refined analytical estimates based

upon mixing-length theory2'3 are available at present only for the case

of air blowing into air.

Reference 1 presents a stummary of the experimental and theoretical

work done in the field of transpiration cooling prior to July 1954o

THEORY

Analytical estimates of the effect of porous wall injection directly

into a turbulent boundary layer are available in the reports of Rubesin 2

3
and of Dorrance and Dore , but neither of these treats a coolant gas

having properties different from those of air. Both are based upon

classical mixing length theory, and both are rather tedious to work out.

Consequently, only the former is calculated for conditions of the present

experiment, but it is understood that the two analyses are in general

agreement 2,4.
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A highly simplified theory is presented by Mickley, Ross, Squyers

and StewartI for binary boundary layers whose concentration of foreign

gas is equal to unity at the wall. This film theory is reconsidered

in Appendix A of this report and is extended to pertain to any wall

concentration.

EXPERIMENTAL APPARATUS

The test setup is shown in a general view in Fig. 1. A 7 x 1.5-inch

porous flat plate constructed of sintered stainless steel wire was eet

into the straight wall in the constant pressure section of a 1.9 x 1.75

inchasymnetricsupersonic channel with its leadingedge located

7.5 inches from the throat. The nozzle block, made of a fiberglass

laminate having low thermal conductivity (Scotchply), was machined to

contain a coolant stilling chamber. Thermocouples, 0.0031 in. diam.,

were carefully installed in the porous surface and suspended throughout

the coolant stilling chamber at one inch intervals. Provision was made

to heat the porous surface electrically and to preheat the injected gas.

SUPERSONIC CHANNEL

The instrumentation wind tunnel has a 1.75 by 1.9 inch test section

which operates continuously at a nominal Mach number of 3 over a local

6 6
Reynolds number per inch range of 0.14 x 10 , 2.1 x 10 . The air is

dried to an average dew point of -400F. The nozzle is asymmetric,

consisting of a flat lower block and a contoured upper block, both

fabricated from a laminate consisting of resin plastic reinforced with

linearly aligned glass filaments and called "Scotchplyt by Minnesota



Mining and Manufacturing Company. A photograph of the test section with

one side-plate removed is shown as Fig. 2. The lower block serves as the

test wall to take advantage of the apex of the test rhombus. The actual

Mach number distribution along the straight vall was surveyed for these

tests (Fig. 3). The porous surface is installed in the wall space between

stations 7-3/4 and 14-1/2 inches downstream of the throat. In order to

distribute the incoming coolant well, a plenum chamber, enclosing a porous

bronze baffle plate, was cut in the nozzle block (Fig. 4).

POROUS FIAT PLATE

Samples of sintered woven wire, sintered powder, perforated plate and

wire screen were tested for permeability in terms of mass flux of air

versus a pressure drop parameter defined as the average pressure times the

pressure gradient through the material (Fig. 5)- 1-1/2 inch diameter

samples were tested in a sealed duct with controlled pressure and vacuum

reservoirs connected to the opposite ends. The results showed that both

sintered powder and sintered woven wire are manufactured in a wide range

of permeabilities.

The test material used in the model was a flat plate of sintered

stainless steel wire (Poroloy, Pacoima, Calif.). It was selected because

a sample at hand (t - .050t) provided a sufficient pressure drop for

uniform flow distribution (sample 1, Fig. 5), and also it has practical

interest because of its tensile strength. The surface appeared aero-

dynamically rough - the roughness was apparent to the touch - as may be

seen in Fig. 6.
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The coolant was blocked by a support shelf milled in the nozzle

surface 1/8" wide all around the edge and by the copper bars soldered to

each end. Thus, the actual blowing area was 6.1 x 1.25 inches. The last

inch of the porous plate was not used in calculating local heat transfer

coefficients because of the free stream pressure gradient near the rear

of the plate. Also, the first inch of the plate was not used because of

the local temperature gradient (Fig. 8).

THERMOCOUPLE INSTALLATION

After investigation of the attendent problems, the technique of

heating the porous surface electrically was chosen. The only serious

restriction imposed by this method is that heat flows must always be

from the surface outward to the free stream.

Through the use of preheating, the t:uperature of the "coolant"

gas can be brought into equilibrium with the surface temperature. Thus,

allowing for small surface temperature variations, it is possible to hold

a small temperature difference between any point on the test surface and

the coolant supply chamber. This being true, conduction errors are small

even for leads brought straight through the porous surface. In this

arrangement the disturbance to the uniform porosity of the surface

caused by inserting the solid wires and insulation is minimized.

In an effort to further reduce the conduction errors, iron-constantan

theimocouples were used because of their relatively low conductivity,

and 40 gauge wire (d = .0031 inch) because of its small cross-sectional

area. Blockage was held down by taking pains to achieve a neat
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installation. A 0.013 inch diameter hole was drilled through the surface

and a cylindrical teflon plug was pressed into the hole, a 0o003 inch

diameter hole was drilled in the teflon plug and the thermocouple lead

was pressed through it. The thermocouple lead was spot welded to the

porous surface. That the area blocked by the thermocouple installation

was almost negligible may be seen in Fig. 6. The Teflon insulation

passed partially through the surface wires and never completely blocked

any pore. Microscopic inspection revealed that the insertion of the

thermocouple lead wires and the welding of the ends to the surface wires

did not seriously impair the local porosity. The roughness of the thermo-

couple installation was comparable to the surface roughness of the wire

mesh.

Six iron-constantan thermocouples, Fig. 6, were spot welded to the

outer surface at one inch intervals along the center line in the plate,

and connected to a thermocouple selector switch. The iron lead which

formed one side of each iron-constantan thermocouple was used as a

voltage tap. Thus, nearly simultaneous readings of voltage increment

and surface temperature were obtainable.

EIECTRICAL HEATING SYSTEM

The stainless steel sintered wire porous test plate served as the

resistance element of a high-amperage, 60-cycle alternating current

electrical circuit. Copper bus-bars were silver soldered to the front

and rear edges of the test plate.



7

The bus bars were supplied through a voltage regulator and step-down

transformer from a 115-volt a.c. line (Fig. 4). Current was measured

using a current transformer and voltage drop was measured locally with

an electronic voltmeter,

COOLANT SYSTEM4

The complete coolant system requires a foreign gas reservoir, mass

flow regulation, and surface temperature control. Both compressed air

and helium were available to serve as the coolant gas. A 22-bottle helium

manifold, containing 440Q standard cubic feet at approximately 2200 psi,

served as the helium supply. A pressure regulator and calibrated sonic

orifices were used to regulate and measure the mass flow. The orifice

areas were calibrated by measuring the pressure versus time curve of the

flow into a evacuated tank of known volume. The orifices, connected in

parallel, provided a maximum to minimum mass flow ratio of 100.

The heater and cooler were connected in parallel to provide a

means of temperature control (Fig. 7). The heater consisted of two

concentric stainless steel cylinders which are closed at each end. A

4-inch diameter porous sintered bronze plug containing 7-100 watt heating

rods was cemented inside the inner chamber. This unit takes advantage

of the larger surface area in the porous bronze to provide a higher heating

efficiency. The pressure level between the concentric cylinders was

reduced to less than 0.05 psia to reduce the heat conducted away from the

heater cylinder.



The cooler consisted of two chambers connected by nine 1-inch copper

tubes. A six-inch length of porous sintered bronze was soldered inside

each of the copper tubes. The complete cooler assembly was submerged in

a bath of dry ice and alcohol (-109.80F).

POROUS SURFACE HEAT BALANCE

A heat balance on a segment of the porous surface results in the

equation governing the present experiment:

h(Tw- ) : (f vcp)c(Tc - T) - q - qlosses (1)

where symbols denote

h, heat transfer coefficient,

T, temperature,

f, density,

v, normal velocity

cp9  specific heat at constant pressure,

q, heat flux,

and subscripts refer to

w, wall value

aw, recovery value (adiabatic wall value),

co coolant value

E, due to electrical heating,

rad, due to radiant cooling

losses, due to extraneous conduction losses,

respectively.



9.

In addition we define Stanton number here as

h
St= POD Uoop~n (2)

where subscript cn refers to free stream values.

EXPERIMENTAL TECHNIQUE

The data was taken on two separate days. During the first day various

exploratory runs were made, and on the second day the data was taken more

systematically. The results from the two days correlated very well which

indicated that systematic errors due to technique were small. For

example, the zero blowing heat transfer rates showed a scatter of t 5%.

The basic experimental procedure employed was as follows. Supersonic

flow was established in the wind tunnel and .the tunnel pressure was

adjusted to the proper free stream Reynolds number per inch. The desired

coolant flow was established and the nozzle block preheated to the same

temperature as the coolant gas for approximately one-half hour prior to

any data taking. Once the nozzle block was at a uniform desired tempera-

ture, the temperature of the coolant was stabilized at approximately 135°F

and the electrical energy to the surface was adjusted until the surface

temperature equalled the coolant temperature at one longitudinal station.

The system was allowed to stabilize, readjusting the flow and temperature

conditions when necessary. A minimum of one-half hour was required to

obtain steady state operation. Local values of voltage increment,

surface temperature, and coolant temperature were measured at six

longitudinal stations. The measurements, together with the current measure-

ments, permitted direct evaluation of local heat flow rate.
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A total of ten hours running time was consumed for the data presented.

A typical surface temperature distribution along the porous section during

the heated runs is shown as Fig. 8. The powers required to maintain an

average surface temperature at 1350F with the injection of air and helium

as coolants is shown as Fig. 9.

All data was taken at one tunnel Reynolds number per inch. The varia-

tion of Reynolds number over the points involved was ±30% of which the

mean was 3.8 x 1O6 based on the distance from the channel throat.

RECOVERY FACTOR MEASUREMENTS

In order to evaluate the local Stanton numbers as defined in Eq's.

1 - 2, it was necessary to measure local recovery temperatures. The

recovery temperature, in this case defined by Equation (1), occurs when

the surface temperature is equal to the coolant temperature. Exploratory

runs showed the scatter to be due largely to variations in tunnel stagna-

tion temperature. During data runs the tunnel To wa6 held constant by

controlling the output of the compressor so that no pressure change

occurred in the storage tanks. Runs were made with no surface electrical

heating. The nozzle block was precooled for one-half hour before the

runs commenced by passing the coolant through the surface at the

estimated recovery temperature. During the runs the coolant tempera-

ture was set at a level close to the estimated value. Tw - T c were

recorded. Several coolant temperatures were set and a plot Tw - Tc vs.

TIT0 (Fig. 10) used to interpolate the value of the recovery tempera-

ture (T. = Taw when Tc = Tw)o Each value of local recovery factor



required a minimum of three separate runs. The results are shown in

Fig. llo The temperature distribution at local recovery temperature

are plotted in Fig. 8. The zero blowing value of recovery factor was

found to be rot - 9127, which is somewhat higher than other published

results (mainly on smooth models). Considerable deviation between

thermocouples, as indicated by the flags as in Fig. ll, is in evidence

and is felt to be due to surface temperature gradients, nonuniform

coolant injection, and small errors in temperature difference measurements

Also observable is a slight decrease in recovery factor with Reynolds

number since the flags at the upper right hand of the symbol represent

the lowest Reynolds number and increasing Reynolds numbers are shown by

rotating the flag counter-clockwise. The precision required in measuring

Tw - Tc to determine recovery temperature accurately at the higher blowing

rates may be seen in Fig. lOo The fact that the trends are relatively

consistent indicates the deviations are systematic and perhaps removable.

This data was also checked by making runs on two separate days.

Curves were faired by eye through the recovery data0 These curves

were used to compute recovery temperatures in reducing the heat flow

data to Stanton number plots.

RADIATION CORRECTION

Data on the emissivity of porous surfaces is generally unavailable

at present, but the physical structure of the surface is such that its

emissivity is relatively large. Calculations of the radiation per unit

time and unit area from/to its surroundings indicated that the radiation
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term was sizeable and subject to measurement.

The normal emissivity of the porous surface and of the opposing

nozzle block was measured. A total radiation pyrometer was used together

with an appropriate black body reference and suitable heaters and

temperature recorders necessary to obtain experimental values of normal

emissivity. At least two readings for each material were obtained giving

the following average values:

Material en T-0 F

Stainless steel Poroloy .44 138

Scotchply plastic .94 122

The radiant heat flow from a heated surface (w) in the wind tunnel (t)

was computed fram the following equation:

r= F12 el2 Q~Tw - Tt4 )

where

F1 2  function of radiation geometry

e12 =effective emissivity or interchange factor (for parallel

1 1 1 1
infinite walls 71- T g -and for

"small" surfaces e12  el e2 = .42)

(-= 0.173 x lO - 8 Btu/hr ft2oR4, Boltzmann constant.

F12 was assumed to equal unity. The temperature of the wind tunnel

nozzle block was assumed to be at the theoretical turbulent recovery

temperature. Radiant heat flows computed from this equation were found to

vary from 15 to 150 percent of the forced convection heat rates. large

radiation corrections were necessary when the convective heat rates had been

greatly reduced by transpiration cooling.
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UNIFORMITY OF INJECTION VELOCITY OF COOLANT

A single traverse of the nearly uniform coolant flow distribution

behind the porous surface was conducted to evaluate the injected mass

flow distribution. Only a partial survey, the rear 4 inches of the

test piece, was possible using present equipment - an "Alnor"t type 8500

thermo-anemometer. The traverse was carried out 3/4 inch below the test

surface. An attempt to re-evaluate the recovery temperature data using

the local mass flow rates determined slightly reduced the scatter of the

recovery data. However, the need for a more efficient baffling system

14s made clear.

RESULTS

The combined results of the previously described experiments are

shown as Fig. 12. The reduction of Stanton number with blowing is

apparent. For comparison, the laminar solid wall Stanton number under

the same conditions occurs at a Stanton number ratio approximately 0.3.

When either air or helium is used as an injection coolant, the Stanton

number is strongly reduced, and these reductions are found to be in

qualitative agreement with the film theory (Ref. 1 and Appendix A) and

in rather good agreement with the more complete theory of Ref. 2. The

Stanton numbers presented are average values of local Stanton number

over the central five inch segment of the seven inch strip, because of

the preference to use average recovery factors.
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DISCUSSION OF ERRORS

The incompressible turbulent boundary layer theory of RubesinS was used

to obtain a qualitative estimate of the effect of variable surface tempera-

ture. Calculations showed that the experimental temperature distributions

produce local heat-transfer coefficients 8 percent higher than would exist

under constant surface temperature conditions.

The data has not been corrected for heat conduction along the surface

or across the boundaries of the porous plate. The uncertainty of the

heat conduction error varies with mass flow since it is a fixed absolute

error.

Measurement of electrical energy input. The measurement of local

power dissipations was determined by measuring the voltage differences

between two thermocouple locations with a vacuum tube voltmeter0 The

uncertainty in voltage increments is ± 1 percent. Surface currents were

measured by AC ameter to within uncertainties of '1 1/4 percent.

Measurement of local mass flow ratios. The uncertainties in local

mass ratios is dependent mainly upon the calibration of the sonic throat

areas. Those areas are known to within t 1 percent0  This term causes

very little error in the calculation of heat transfer coefficient if

temperature difference between the surface and the coolant is small.

Other possible errors. The local Mach number is known to within

1 percent. Surface emissivities contain uncertainties of ± 1 percent.

The tunnel Reynolds number per inch was held to within 4 2 percent. The

above experimental accuracies of quantities computed frcm the measured

data were calculated frem the equations for the total differentials.
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Error calculations show the uncertainty in the determination of

Stanton number increases with injection rate without changing sign.

Since

St
St d (St) d (Sto)

St St Sto
St

o

the increasing departure of the air experimental points from the theory at

the high injection rates (Fig. 12) is felt to be due to the onset of

larger experimental inaccuracies.

CONCLUSIONS

These heat transfer measurements show that strong mass transfer

cooling effects in a turbulent boundary layer are possible at M = 3.0,
R -4 x 106, and TwIT. -3.3 even reducing heat transfer coefficients

below laminar values at the higher blowing velocities.

Recovery factors Mased on temperature have been shown to be reduc-

ible by 30 percent with an injection of as little helium as 0.2% of

free stream mass flow. The heat transfer coefficient is reduced by over

90% for these same conditions.

Noteworthy is the fact that the limit of relative coolant rates, air

to helium, required to effect a given relative Stanton number reduction,

as that reduction vanishes, is about 5 which is also the inverse ratio of

their specific heats, but that this ratio appears to diminish with

increased blowing.

These tests are preliminary to porous cone studies.
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APPENDIX A

EXTENSION OF FILM THEORY TO DIFFUSION CASES WHERE

THE FRACTIONAL CONCENTRATION OF FOREIGN GAS AT

THE WALL DIFFERS FRCM UNITY

A correction to the film theory presented in Reference I appears to

be necessary when the fractional concentration of the foreign gas at the

porous wall differs from unity. The dimensionless variables are redefined

here in nearly the same form and the results are interpreted for the

present application.

The set of differential equations which apply after the consequences

of certain simplifying assumptions have been taken into consideration are

the following:

I (fivi) = 0

?U 2u

V P?T k 2T

)v Cp k--

)W )2w

:V y fD12 )y2

These equations come from more exact equations which express the conserva-

tion of each component of fluid, of momentum, of energy,. and of component

mass fraction, respectively, upon assuming that any variations in the
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stream direction, statistical unsteadiness of the flow, radiation,

property value variations, thermal diffusion, internal dissipation and

gravitational forces are all negligible.

The last three equations are all of the form

satisfying boundary conditions:

0 at m - 0

1 at m-l,

if

F "u/mo

H= (Tw - T)/(Tw- Tao)

D (or -u)/l
PD ww

and

rF= AF v/P

H H v Cp/k

r D AD v/D12

m Y/A

where / is the corresponding film thickness.

The solution is

, (Pm-l)/(eC- 1)
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In the limit as the blowing rate goes to zero

and consequently the limiting boundary layer for zero blowing has linear

variations since

The last equation allows evaluation of A4 but there is no direct expression

which can be written for A itself. The assumption is made that blowing

does not change the film thickness

Transfer coefficients at the wall are of practical interest land in

particular their values with blowing relative to their solid wall values

are given by

QF = /A0 cf/ocf

eH = k 0h/koh*

and a similar parameter for mass transfer which has little meaning.

Noting that

~ dyj//y/o

an alternate expression is readily found

e -
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The heat transfer case is of principal interest here. Stanton number

is defined in terms of free stream values

St - h/(e u Cp).

and

dy -- hj /k(T w - To)

which permits writing a final expression

St = (tv)wCp (~Cw ki*,
(U) CC)CPo o St"" auDo CpCo kw St.*

It should be noted that the derivation only required that ev,

Cp and k be constant with respect to x and y. It did not require

invariance under changes of blowing rate, so k and k, are not

assumed to be equal in the derivation. Howeverg use of

k /k w - koo/kw gave impossible answers so k*k was set equal

to unity. Neither is an evaluation point assigned at which to compute

the values of the constants. The subscripts w above are chosen here

arbitrarily.

The significant difference between this result and that of Reference 1

is the separation of the quantities fv and Cp. Thus they may be evaluated

from separate considerations, and here the latter is evaluated in the

mixed gas at the wall for assumed concnetrations.

It is further assumed that the velocity of the air component is

zero at the wall. Therefore,
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and one uses simply the mass influx of pure coolant gas.

Calculations have been made for helium assuming r = I and Ur, 1/2

(these are denoted C = 1 and C = 1/2 on Fig. 12), and also for pure air.

Use was made of the following formula from Reference 6:

p w/Cp OD=1 +- 4.104
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Figure 2. The Mach number 3 test section showing
position of porous surface.
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heated and recovery ru.ns. Local values of T,,-T. are listed
for each thermocouple set.
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