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SUMMARY

The effect of cold air injection on the heat transfer through
a porous bronze wall and the turbulent boundary layer in subsonic flow
has been investigated experimentally.

The air was injected through a wall of Ll.4 per cent porosity
at varying rates into the main stream, whose temperature varied from
580 to 1000°f and whose velocity ranged from 60 tc 110ft./sec. The
internal heat transfer coefficient per unit volume of porous wall, and
the combined thermal conductivity of the matrix and the coolant were
determined., The film heat transfer coefficient through turbulent
boundary layer with coolant injection was calculated. A qualitative
analysis of the boundary-layer temperature and velocity profiles was made.

An investigation of the pressure drop through porous bronze

plugs was made.



INTRODUCTION

An effective method of cooling materials subjected to high
temperatures is required. Transpiration cooling, which is cooling by
forcing a fluid through a porous wall in a direction opposite to that
of the heat flow, is best suited for cooling blades and casings in gas
turbines, combustion chamber liners, rocket motors and nozzles, and
skin of rockets and supersonic airplanes. A thorough knowledge and
understanding of the mechanism of heat and mass transfer through porous
media is required for the successful application of transpiration cooling, for the
extraction of heat from nuclear reactors composed of a porous matrix made
up of a mixture of uranium and a moderator, andégiher similar processes,

Although substantial increases in power and economy of most
types of propulsion engines can be achieved by the improvements in the
flow capacity and the efficiency, the largest and most significant benefits
may be obtained by increasing the temperature up to 4000°R; however,
present materials have insufficient strength at these higher temperatures
to withstand the strains imposed. New "exotic'' fuels will increase the
operating temperatures. Application of transpiration cooling will make
possible operation of propulsion engines at much higher temperatures and
thus result in enhanced performance.

Capacity of nuclear reactors is limited by the rate of heat
extraction. Should the reactor become supercritical, the increased heat
production will cause the melting of uranium rods, aluminum sheathing,
and the coolant coils., A porous matrix of uranium and a moderator offers

an immense heat transfer area, A coolant forced through the matrix will

pick up the heat produced by nuclear fission much more efficiently than



the present methods.

When an object travels at speeds greater than ¥ = 1, the air
in the shock wave that precedes the ohject becomes partially dissociated
and ionized. The shock layer, which is the region between the shock front
and the surface bound:ry layer, radiates heat to the surface, In addition
to heat transfer to the surface by fereced convection and radiation, in
partially dissociated gas the surface is heated by direct transfer of
Kinetic Energy as well as by transfer of Potential FEnergy, which is

converted to Kinetic Energy by secondary collision at the surface. At

hypersonic speed the heat transferred to the surface may be sufficient
to cause evaporation, sublimation, oxidation, sputtering, secondary elec-
tron emission, or other deleterious surface effects.

Assuming isentropic compression, wall temperature resulting

from kinetic heating is given by:

T = [ | - (ﬁé_')ml]'ramb

where & = ratio of specific heats

Tamb = Ambient temperature

For non-isentropic condition, the above temperature will not be achieved.
The equilibrium temperature that would exist in an ideal insulated surface

having zero radiative heat exchange is given by:

T =|:| - r (%L)MﬂTamb
r = tLemperature recovery factor
= .85 in laminar boundary layer
= .88 to .9 in turbulent region

(these values are for air only)



Figure 1 shows effect of Mach Nunber, altitude, and surface emissivity
on ths surface temperature,

To make hypersonic flight possible, methods to cocl and protect
aircraft and rocket surfaces must be perfected. There are many possible
solutions to the provlem of kinetic heating. The nissile itself may have
sufficiently high heat capacity to absorb the heat. The object may move
nore slowly at low altitude, where the heat transfer rate is large because
of the higher atmospheric density. The skin of missiles and aircraft can
be made of materials with very high emissivity to radiate away the heat,
The skin may be insulated to reduce heat transfer to the structural members
and delay h’gh temperatures in transient heating. The insulation can be
accomplisred by coating the surface with a thin layer of aluminum oxide.
The skin can be constructed of a non-structural high melting outer shell
with high emissivity on the outside and low emissivity on the inside,
Insulation and a radiation shield is then placed between the outer shell
and the inside load-carrying skin. Cooling is achievad by having part of
the surface melt. The surface may be cooled by circulating a coolant
close to the surface. And finally the kinetic heating restriction on
hypersonic flignht may be removed by transpiration cooling.

To eliminate the effects of kinetic heating transpiration
cooling is the best of the direct cooling methods (see fig. 2). The
mechanism by which transpiration cooling works is as follows. A fluid
is forced through a porous material in a direction opposite to the heat
flow. As the coolant passes through the matrix, it picks up the heat
from the wall and lowers its temperature. This heat transfer is very
effective because of the very large surface area availabie in the porous

medium, The coolant emerges at the exposed surface in small streams from



the numercus pores in the material, If the pores are very small, the
streams will coalesce almost immediately on leaving the surface. Thus

a continuous coolant stream flows from the surface in a direction opposite
to the heat flow from the main stream. The heat transfer to the surface
is mainly by conduction through the coolant layer. If this coolant film
remains continuous for even a small distance from the surface, almost no
heat will be conducted to it. 7This is particularly true if air is used

as a coolant because of its low thermal conductivity.

The injection of the coolant in a direction at right angles to
the main stream has two effects: 1) it energises the boundary layer and
thickens it, thus decreasing the velocity and temperature gradients;

2) it absorbs the heat which would otherwise be conducted to the wall,

The first effect applies to a case where the main flow is such as to create
a substantially laminar boundary layer near the surface. The boundary
layer thickening by injecting the coolant will result in a decreased heat
transfer to the surface. The second effect applies to the region very
close to the wall and is not affected by the flow conditions of the main
stream to any great extent.

Cooling a surface by blowing a fluid through it requires a porous
skin to which the coolant may be led through channels., The porcus skin
can be made of sintered stainless steel, Stellite, Nimonic, Mowel, bronze,
Inconel, Haymes Alloy 5, and other heat resistant metals. Almost any
metal, which lends itself to breaking down into a fine powder, can be used.
The powdered metal is put in a die, compressed, and sintered at a temperature
slightly below the melting point. Grain growth and bonding occur where the

particles are sufficiently close together, but a network of fine channels



is left throughout the matrix., The size and distribution of these passages,
expressed as the permeability of the matrix to the flow of fluids, is
controlled by the size of the powder grains and the pressure applied in
compacting. Permeability can also be controlled by introducing into the
matrix low-melting-point metal wires, which are evaporated out during
sintering, and by mixing with the metal powder non-metallic veclatile filler,
such as ammonium carbonate, which gasifies during sintering and results

in passages, which connect the initial voids. The variation in permeability
of the matrix gives the desired rate of effusion of the coolant at the
surface to take care of the variation in the surface heat protection required.
To obtain the best cooling efficiency, the size and distribution of the
apertures at the surface should be such that the coolant emerges from the
surface to form a continuous insulating layer at the surface, and nof as a
series of discrete jetg which mix with the hot gases resulting in the loss
of the insulating effect. The openings of the pores should be divergent
outwards, A coating, which will melt at some predetermined temperature,

can be applied to the surface of the porous material, Thus the cooling
will start only after this temperature is reached. Although the strength
and fatigue properties of porous media are not reduced by the porous
structure as much as it may appear at first, for high stress application
the skin can be bonded to solid load-carrying members.

Another method for making porous walls is by bonding several
layers of woven metal gauze. The permeability of such a structure may be
reduced by cold rolling. The permeability is controlled by a suitable
choice of the mesh size and wire diameter of the individual layers. This
type of porous wall has a superior strength to that of a sintered porous

wall. Porous walls can also be made by mechanical perforation of a solid
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sheet and by electrodeposition. Metal and glass fibres as well as ceramics
may also be used.

Many coolants may be used for transpiration cooling. Air is
cheap and has a very low coefficient of thermal conductivity. The skin
friction and heat transfer can be reduced considerably with the injection
of only about 20 per ceﬁt as much hydrogen or about 4O per cent as much
helium as the injection of air (see ref. 29). Liquid coolants have one
advantage,which is the absorption of the latent heat of evaporation.

Water is very effective in abscorbing radiation.

Porous media clog very easily. Thus impurities in the coolant
down to diameters of a few microns must be filtered out. The coolant
flow may also be restricted by formation of oxides and the adsorption of
the coolant molecules to the wall passages. A knowledge of the mechanics
of flow of fluids through porous media is necessary to design a proper
transpiration cooling system.

Since transpiration cooling has so many important applications,

a study of the heat transfer through porous media was undertaken. There

is an urgent need for experimental investigation of details of the actual
boundary layer subjected to homogenous injection. As originally conceived,
this investigation was to deal primarily with cooling at hypersonic speeds.
But, limitations in the air supply and its pressure and maximum temperature
available, made experimental investigations possible only for low speed

and temperature. Because of the cost and availability in Canada, porous
bronze was used.

In this investigation the injection velocity distribution will be
varied as the inverse of the square root of the distance along the plate,
in order to keep the hot surface temperature constant, and the boundary-

layer thickness at the leading edge of the porous plate will be made zero



by boundary-layer suction. To obtain a range of conditions the coolant
flow, main-stream flow and main-stream temperature, and the position
along the plate will be varied. The coolant wall temperatures on the
hot and the cold side of the porous wall and the coolant mass flow will
be substituted into the solution to the equation of heat transfer through
porous wall to calculate the temperature distribution inside the wall and
the internal heat transfer coefficient of the porous wall. The calculation
of the overall thermal conductivity is to be made from the coolant and
wall temperatures and the coolant mass flow., Traverses of the boundary-
layer velocity and tempcrature profiles for the transpiration cooled
plate will be made to see the effect of injection of coolant into a hot
stream. From the main-stream temperature, hot surface temperature,
coolant mass flow, and the coolant temperature drop, the hot side film
heat transfer coefficient will be determined.

The pressure drop through porous bronze plugs of different
porosities will be investigated to see if the results can be correlated

with the existing equations for the flow of fluids through porous media.
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REVIEW OF PREVIOUS WORK

In 1929 Cberth (see ref. 29) was the first to propose transpiration

cooling for the cooling of rocket engines. The first experimental work in

this field was carried out by Goddard (see ref. 29) in 1930. He burned a mixture

of gasoline and oxygen in a L inch diameter rocket motor fitted with a

porous ceramic liner and throat. Oxygen was used as the coolant. Although the

experiment lasted only 11 seconds, the feasability of transpiration
cooling was clearly demenstrated,

Jakob and Fieldhouse (see ref. 36) experimented with water and
nitrogen as coolants., The hot air was discharged from a chamber through
a nozzle in a 2 inch wide, 3 inch thick, and 10 inch long, well-insulated
Transite (asbestos fabricate) channel, in the wall of which a porous brass
(70% C,-30% Zn) disk, 1 inch in diameter and L inch thick, was imbedded.
Experiments with water were also made with a solid copper disk in place
of the porous plug. The water was circulated to the cold side of the solid
disk in order to cool it. This was done to compare transpiration cooling
with the direct cooling method. The test conditions were such that the
boundary layer of the hot air on the test disk was in the turbulent
range. The maximum main stream velocity was 600 ft./sec., and the
maximum temperature was 692 °F, The tests showed that h, the coefficient
of heat transfer at the exposed surface, increased with the main stream
velocity and decreased with main stream temperature with both the solid
and the porous plates. The time rate of the heat transferred from the
hot gas by convection, the coefficient h of convective heat exchange, and
the mass flow of water per unit time, were much larger for the solid plate

than for the porous plate if the exposed surface was to kept at the
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same temperature, although inlet water temperature for the solid disk
tests was lower. DMuch more water was required to keep the porous plate
surface temperature slightly below water saturation temperature than to
keep it slightly above the saturation temperature. This illustrated the
added cooling effect provided by extraction of heat equal to the latent
heat of evaporation of water. The coefficient h was almost imdependent
of the coolant used, provided that the surface temperature was the same.
The mass flows of the different coolants were quite different for the
(see ref, 36)
same h. JakoB also proved by a theoretical derivation that heat trans-
ferred from the hot gas by convection is independent of the kind of
coolant used. The experiment showed that the weight of nitrogen needed
to obtain the same surface temperature was five times that of water, and
that of evaporating water about 1/40 that of water kept below the satura-
tion temperature.

Duncombe (see ref. 15) investigated sweat cooling using a bronze
filter as the porous medium and air as the cooclant. The porous bronze
was in form of a cylinder with I.D. = 4 inches and 0.D. w 4% inches. Tts
porosity was 4O per cent and pore size was 0.001 to 0.002 inch. The test
section was composed of 1 19/32 inch long upstream plain section, 6 3/16
inch long middle porous section, and 3 19/32 long downstream plain section.
The maximum gas temperature was 932°F, main-stream mass velocity was
O.Blélb/sec/inz, coolant mass velocity was O.OO2lb/sec/in2, and the pressure
was atmospheric. The hot gas from the combustion chamber was passed
through an accelerator and then through the porous cylinder, which was
surrounded by a larger cylinder with compressed cooling air. The tests
were conducted for three different main air flows, three fuel flows, and a

range of coolant flows. The temperature of the sweat cooled surface was
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found to be dependent on, and itself had, an effect on, the temperature
of the adjacent non-porous sections. Correlation with theory was found
to be best for points on the porous cylinder furthest downstream. The
prediction of relation between the coolant flow and the temperature drop
on basis of fully developed turbulent pipe flow was found to be reliable
for distances two or three diameters downstream. Before this downstream
distance was reached, the coolant flow required for a given temperature
drop fell off from a large value at the beginning of the porous section.
The coolant flow required rose to five times the fully developed turbulent
pipe flow requirements after a non-porous length of 0.91 diameters, which
followed the porous section.

Grootenhuis et al (see ref. 30) forced cooling air through
Porosint (bronze) disks of five different porosities. Before entering
the porous medium, the coolant passed through a water-cooled pipe to
prevent the heating up of the apparatus. The porous specimen was fitted
in a wall and a source of radiant heat was directed at it. A shield
around the outlet face of the specimen and heater prevented the outside
air currents from disturbing the flow of air near the specimen. The
temperature measurements with a number of thermocouples at various radii
on the specimen indicated that at low heat inputs no radial heat flow
oceurrad and only at the highest values of heat input was there a slight
outward radial flow of heat. This heat flow diminished as soon as the
coolant was introduced. The surface temperature did not exceed 392°F
because of severe oxidation of the porous surface at higher temperatures,
which altered the conductivity of the material. The correlation of resulis
obtained in these tests with previously cbtained results was unsatisfactory,

probably due to the deformation of the spherical particles which caused a
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loss of effective internal surface area.

Investigation of transpiration cooling for a turbulent boundary
layer in subsonic flow using air as the coolant was conducted by Brunk
(see ref. 6). The main streém.air emptied from a large plenum chamber into
a 4 inch wide by 10 inch high continuous-flow wind tunnel. One of the
vertical walls was made of 3 inch thick porous bronze plate, the inside
face of which had an average surface roughness of 0.0005 inch and an
emissivity of 5h't 5 per cent up to 350°F. The coolant was introduced to
the test section by a series of coolant ducts. The width of individual
ducts was designed so that the coolant could be injected to give a constant
wall temperature. The amount of air flowing from the coolant menifold into
each duct was contreolled by an electrically operated butterfly valve. To
insure uniform flow of coolant two screens were installed in each duct, one
at the entrance and the other at the end of the diffusing section. There
was a knife-edge contact between the edges of the ducts and the porous plate
to prevent air leakage from one duct to another. The coolant temperatures
were -15 to —5°F, while the main-stream stagnation temperature was 215°F.
In order to control the size of the boundary layer on the test wall at the
upstream edge of the porous plate, a boundary-layer-bleed system was
installed immediately upstream of the test specimen. Just upstream of the
porous wall, a slit, which was covered by a lLektromesh screen, in the test
wall was connected by a duct to a suction pump. These tests showed that
the boundary-layer thickness at the upstream edge of the plate was 0.4 inches
without suction and 0.0l inch with maximum suction. For maximum suction it
was assumed that the boundary layer had zero thickness at the beginning of
the porcus plate, Orifices on the wall opposite the porous plate gave the
static pressure distribution along the tunnel. The temperatures on each

side of the porous plate were measured by tliermocouples imbedded in small
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grooves on the surface of the plate., The grooves were vertical and the
thermocouple wires were led for some distance along the groove to reduce
errors due to conduction on the plate surface. The leads on the thermo-
couples mounted on the stream side of the porous plate were passed through
a small hole drilled in the end of the groove and led directly away from
the coolant side of the plate.

Brunk made two types of tests: 1) the temperature along the
stream side of the porous plate was kept ccnstant, and; 2) the amount of
coolant mass injected per unit area along the porous plate was kept constant.
The main stream Mach Number ranged from 0.53 to 0.65. With the wall
temperature kept constarnt runs were made with no boundary-layer bleed, and
with maximum boundary-layer bleed. Contrary to theoretical predictions,
the coolant flow increased slightly downstream. This was due to the variation
in the permeability of the porous plate covering a single duct. In the runs
with constant coolant mass flow per unit area, the mass-flow rate was
actually not constant.

Although the curves for constant length Reynolds Numbers agreed
qualitatively with theoretical curves, there was no quantitative agreement,
since the theory was based on the assumptions of constant mainstream
velocity and a varying mass—-flow rate to result in a constant temperature
along the test specimen. The above requirements were not met in the
experiments conducted by Brunk. The constant-area channel had a favorable
pressure gradient, resulting in a velocity increase at the downstream
stations. Also, it was impossible to obtain the correct variation of the
coolant flow for a constant wall temperature. The porous plate used in these
tests became plugged with dirt and the permeability of the plate varied.

Thus the effectiveness of porous bronze as a material for transpiration
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cooling depended greatly on the lack of dirt in the coolant. By injecting
the coolant through a series of ducts it was possible to vary the tempera-
ture along the wall., The injection of the coolant had a large effect on
the temperature of the hot surface of the porous wall. The results
demonstrated a correlation between the wall temperature and local coolant-
~flow rate. For the majority of the runs, the correlation was the same for
runs with constant wall temperature and constant coolant mass flow.

Duwez and Wheeler (see ref. 16) experimented with a cylindrical
porous duct 1 inch in dismeter and 13 inches long. The test specimen was
clamped between two sections of a stainless-steel holder, and thermally
insulated from the holder by Transite gaskets. The coolant was forced
through the walls of the test specimen from a small annular space between
the holder and the specimen. Heat was supplied by: 1) oxyhydrogen flame
with a maximum temperature of 4200°F and a maximum velocity of 300ft/Sec;
2) gasoline-air flame with a maximum temperature of 2000°F and a Mach
Number of unity. With the oxyhydrogen flame as the source of heat, the
specimen surface temperature was recorded as a function of ccolant mass
flow., Using water as the coolant, there was a critical mass flow, above
which the specimen surface temperature stayed close to the boiling point
of water, and below which the surface temperature increased rapidly with
decreasing flow. With a gas as the coolant, the graph of surface tempera-
ture against the coolant flow is continuous, because the coolant does not
experience a change of phase. The quantity of the gas required to achieve
a given surface temperature was dependent on the nature of the coolant.
The flow rate of Nitrogen was found to be five times that of Hydrogen. The
nature of porous material had some effect on sweat cooling. With the same

main-stream temperature and the same coolant flow, the surface temperature
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of porous copper was several hundred degrees Fahrenheit highsr than that

of nickel or stainless steel. In the gasocline-air burner tests the speci-
men surface temperature was measured as a function of coolant mass flow,

for different main stream velocities and temperatures. The higher the main
stream temperature and velocity the higher coolant mass flow was required to
keep the surface temperature constant.

Libby, Kaufman, and Harrington (see ref. 42) conducted an experi-
mental investigation to obtain data on the characteristics of the isothermal
laminar boundary layer on a porous flat plate subjected to injection of the
same fluid as that of the main stream, and to compare these characteristics
with the predictions of the laminar boundary layer theory. The test duct
was 2 30 inch by 2 inch channel, with a porous bronze plate, 3/4 inch thick,
14 inches wide, and 60 inches long, mounted flush with the inner surface
along the centerline of one of the vertical walls immediately downstream
of the inlet bell. On the coolant side the test specimen was attached to
an injection air bell, which was connected to a supercharger. By changing
the connections to the supercharger inlet and exhaust, either suction or
injection through the porous wall could be applied. A hot wire anemometer
was used to make the velocity measurements., Suction stabilized the boundary
layer, while injection reduced its stability and caused earlier transition,

(see ref, 69)
The results agreed with Yuan's theof??zﬂﬁollowing conclusions were drawn from
the experiment: 1) Porous plates, which provided continuous normal velocities
at the wall, could be realized. The microstructure of such a plate was
complex and the pressure drop was proportional to the velocity at low flow
rates; 2) Regions of laminar flow with injections could exist despite the

inherent roughness and the finite number of pores in real porous plates. The

laminar boundary-layer stability theory predicted qualitatively the effect of
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suction and injection on the transition Reynolds Number; 3) The isothermal
laminar boundary layer on a flat plate could be stabilized to a indefinitely
high Reynolds Number if suction corresponding to (-_%?) = lO"h was applied
( v» = coolant injection velocity, U, = main-streanm velogity). This was in good
agreement with the predictions of laminar boundary-layer stability theory of
Libby, Lew, and Romano (see ref. 72); L) The laminar boundary-layer stability
analysis of Yuan (see ref. 67) for flow over a partially porous flat plate
could be verified experimentally. The heat-transfer data of Yuan (see ref. 67)
was verified at low heat transfer rates.

liickley, Ross, Squyers, and Stewart (see ref., L6) conducted an
experimental and theoretical study of the effect on the boundary layer of
suckine or blowing air throurh a porous wall into or out of a main air stream
flowing parallel to the test wall, They used the laminar-boundary-layer
theory to calculate velocity, temperature, and concentration profiles as well
as the friction, heat, and mass transfer rate for the laminar flow with the
mass transfer rate varying as 1/NxX ( x = axial distance from the leading
edge of the porous specimen). They expanded the turbulent flow film theory
to provide a prediction of the effect of mass transfer on the friction,
heat, and mass transfer coefficients. rfor the experiments the test duct,
9 inches long, 13.5 inches wide, and 1lLli inches long, was supplied with air
through a convergent nozzle, Imnediately upstream of the test section,
suction pannels in tne walls removed the initial boundary layer to give the
effect of a sharp leading edge. Small suction pannels in the bottom wall
alsc prevented the buildup of undesirable boundary layers. The width of the
test section converged to 12 inches at the exit. The bottom wall was made
flexible and mounted on a ladderlike support manipulated by four screw

jacks. This modification was made to provide a uniform velocity along the
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lengh of the tunnel. The test section was made of 80-mesh Jelliff Lektromesh
screen 0.00L4 inch thicke A provision was made for direct observation of the
boundary-layer density profiles by means of a Mach-Zehnder interferometer
through two windows. The space behind the test wall was divided into 15
compartments, to provide a control of mass transfer distribution and energy
input. A woven Nichrome heating element was mounted immediately behind the
test wall and insulated from it by a Fiberglass sheet. A second heating
element was mounted 2 inches behind the wall. To minimize radiation, the
interior surfaces of the tunnel were gold-plated and gold-plated reflector
plates were rmounted behind the side suction screens.

In the above exveriment, the measurements of velocity and tem-
perature profiles and of friction and heat transfer coefficients were made
over a main-stream velocity range of 5 to 60ft/sec, and a length Reynolds
Number range of 6500 to 3300000. The mass transfer velocity range was
-0.3 to 0.26ft/sec, and included constant axial mass transfer velocity, and
%%? and i?a distributions. The boundary layer velocities were measured by
pitot probes made from 0.019 inch outside diameter hypodermic needle. The
temperature of the mainstream air was about 80°F and the temperature of
the injected air was about 25°F higher. The measured laminar-boundary-
layer velocity and temperature profiles, and the laminar region friction
coefficients showed good agreement with theory. The results indicated
that suction decreased the boundary -layer thickness, increased the friction
and heat transfer coefficients, and retarded transition from laminar to
turbulent flow, while blowing did the opposite. The largest deviations
between laminar-boundary-layer theory and experimental results were
observed when blowing occurred. The measured turbulent velocity and

temperature boundary-layer profiles were similar when constant mass transfer
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1

rate was used or when it varied as —.,
g

The experiments of 'ickley et al (see ref. li4) did not simulate
the assumptions used in developin;r the theory of heat transfer through a
boundary layer on a flat plate with injection, since the '"coolant" was
heated and blown througn tne porous wall into a cooler main stream. After
completing the experiment, the auvthors found that the woven Fiberglass-Nichrome
wire heater cloth, attached directly to the back side of the porous test
wall, became separated from the test wall while the tunnel was being moved.
Although the wall was only 0.04 inch thick and the air space between the
heater cloth and the test wall was less than 0.03 inch, sufficient longitudinal
flow behind the porous wall invalidated the test results obtained after
the tunnel was moved,

Locke (see ref., L3) investigated heat transfer and flow friction
characteristics of porous solids,., He carried out tests with a range of eynolds
fumbers from 32 to A00, The transition region started at a Reynolds Number
of 1200,

Green (see ref. 26) investigated heat transfer in porous media. A
hollow porous graphite cylinder was heated to incandescence by the passage
of direct current, and cold nitrogen entered at one end and flowed radially
inward through the specimen. Norton et al (see ref. 50) measured the thermal
conductivity of porous refractry materials. It was found that the conductivity
of Aluming decreased linearly with porosity.

Schneider (see ref., 57), Green and Lemke (see ref. 28), Weinbaum
and Vheeler (see ref. 61), and (rootenhuis (see ref. 29) solved the equation
for the heat transfer through a porous wall with a fluid flowing in a
direction opposite to that of the direction of heat flow. Ness (see ref. L83)

proposed equations for the temperature distribution along a semi-infinite
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sweat~cooled plate. Yuan (see ref. 69) solved the equations for heat
transfer in laminar compressible boundary layer on a porous flat plate
with fluid injection.

Coppage (see ref. 9), Yates (see ref. 6.4), and Eisenklam and
Hargreaves (see ref. 20) conducted experiments on flow of fluids through
porous media. Kay (see ref. 38), Scheidegger (see ref. 56), and Carman
(see ref. 7) presented theequations governing flow of fluids through

porous media.
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THEORETICAL CONSIDERATIONS

Equation for Heat Transfer in a Porous Material

Figure 3 shows the temperature distribution with effusion through
a porous wall. The heat flow is assumed to be one~dimensional and is in a
direction opposite to the coolant flow. The heat is conducted through the
solid and is picked up by the coolant. The porous medium is assumed to be
constructed of channels, which are separated from each other by thin walls.

Writing a heat balance on element dx:

Heat conducted along the matrix per unit area = ks‘%{’a

Heat absorbed by the coolant per unit area = h'(*t —T)= GG 3—;{

2 t _T) < d T
or ksj_.xtt= L\ (‘t { ) GQ CP CT)(_ soe (l)
where ke = thermal conductivity of the porous matrix
W =  internal heat transfer coefficient per unit

volume of porous material

Cp o= specific heat of coolant
Ge = mass flow per unit frontal area
+ = wall temperature
T = coolant temperature
From (1):
t= T+ C')—cﬁc'_:f 05\\? eee (la)
and Ksj_;bfr-fc’_zf_?d.;):ecce%
3 2
S et T G o
dividing by C_S_c_‘f_r we obtain
dp;T R4 T_ K 4T .o e (2)

dx? | GCp dxt Ks d
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The solution to (2) is given by:

N L G £ cee (3)
and combining (3) and (la)
b (4 20T o gie, T g
or |
T = C,+Caesz+C3L’X vee (32)
and + = G4 MCp etk Ny et wee (2)
’
where A - G(_C,a
s
Lo = (s-4)
o= -(er g
Moo= (5+8)
N= (3R]
The boundary conditions are as follows:
at x=0, ¥t =to, and T = Tc

Xx=1, t=ts, anda T = Ts
Although ts and Ts are treated as different quantities, they
are equal. The heat transfer inside the porous wall is from the matrix
to the coolant and therefore the matrix temperature is higher than the
coolant temperature. At the surface ts? Ts., Outside the surface, the
heat transfer is from the hot fluid to the wall and therefore ts £Ts.
At the surface both of the above conditions must be satisfied., Therefore,

at the hot surface ts a Ts.

Applying the boundary conditions to (La)

at x=0, toe=0C +1}C + NG, eee (5)
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) Laf L3l
at X = l, tS = Cl + hClQ - NCBQ ? ese (6)

From (1):

_ Ks %t
T— ~ —— —— o200 lb
t ol (1b)

Differentiating {La) twice

x 43

d*t Lt_!\flcle"1 +L3aNC5€L3

d x?

Substituting into (1b) and rearranging

X L3X
T = C4+54C10~K'L;)3La + NCa (I~ K'Lst)e
where k's Ks
h\
Introducing the boundary condition at x = 1 we have
4
Ts = C; + Mczu—k't_f)e“ +Nc3(l~k‘L§)eL’(
Now (5), (6), and (7) must be solved for C,, C,, and C, eoe (7)
From (5):
C, = to ‘MC—’L‘NC3
eee (53)
Substituting the above into (6)
¢ /
e To-MCa ~NC3 +MC, et v NCseF’
or y
La €
tes to+r MCale™ -1)+ NC3 (e’ 1)
ese (8)
Substituting for C, in (7)
L3d

To= to ~MCa ~NCs + MG (/'/\’,L;JGLZ(’#- A/Cs(/\k’é"i)é’

to+ MCo [(1-k'12)e =]+ NG (ks )e 1T
ees (9)

or _—
ls=
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Solving (9) for Co

G = Is ~To - NQECI«'L})e‘-’eqj
MIU-K"LS Jeketoy 7 eee (10)

Substituting C, into (8)

T - ¢
t5 = to+M{_5-X0 “NC[(~K'Ls)e ™" 13} Ll e
{Mm«'(_g)eué_,] (67 ~1) + N(3(e™Yy)

and therefore C, is given by

(TS~1g)(eL?[‘f)

Cli~k'L3)e“?f<y ]

NCe“*=1)[(I-k'({)e '~/ ]
C(1~k'Ly) e %7

;~to‘

Cy =

N(e‘”—()*

or

Cye ts ~te ~ (T3 —to)X
Y

ess (11)

Substituting for C; in (10) gives

= - o - -io
Ty -1 - NLEs ; G ey 2y e iy
C,=
‘ MO(I-k'LE)et:? ]
and from (5a) C, is determined. ees (12)

Thus applying the experimentally obtained values to equations
for C,, C,, and G, , the temperature distributions of the coolant or the

wall may be obtained from equations (3a) and (La).



-2l -

If the assumption is made that the matrix and the coolant
temperatures are the same, (1) becomes a second order differential equation.

The solution to this simplified equation is:

~-bl -
p. Tsle™ e ")+ T (1-e %)

/- e~

where b = Cés;ége
Ks

The overal thermal conductivity of the matrix and the coolant in

it is defined as:

_ G Cp (Te =T )¢
Kug = C[?f_s —2‘6)

where 1 = width of the porous wall

The Reynolds and Nusselt Numbers inside the matrix are given by:

( a
Re = Ged and Nu' - 4 d__
A 6(1~+)k
where d = particle size or pore diameter
f = porosity
1 = dynamic viscosity of coolant
k = thermal conductivity of coolant

The cooling efficiency is expressed as:

Al e

where Tl = hot gas temperature

Heat Transfer Through the Boundary layer on a Porous Plate with Injection

When laminar flow occurs in systems of very simple geometry,

laminar boundary-layer theory may be applied to calculate the velocity and
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temperature profiles, and the corresponding heat transfer coefficients.
Although the laminar boundary-layer theory introduces an idealization of
the flow process, the theory gives a close approximation to the actual
physical situation. In actual practice turbulent boundary layer occurs,
and a smaller reduction in heat flow will occur than calculated by the
laminar boundary-layer theory. Also, since the isolating effect of the
coolant film is better in the case of a laminar boundary layer, the laminar
boundary-layer solution will give an upper limit for the decrease of the
heat transfer coefficient by transpiration cooling.

In the application of the laminar boundary-layer theory the
physical model is the flow of fluid over a flat plate through which coolant
is injected at right angles tc the main stream (see fig.4). Following
assumptions are made:

1. The Prandtl Number is equal to unity.

2. The flow is laminar,

3. The two-dimensional flat plate is parallel to the main siream.

L., The ccolant injection starts at the commencement of boundary-
layer growth,

5. The fluid flowing along the plate and the coolant flowing
through the pores are the same homogenous fluid.

6. The coolant is injected uniformly at right angles to the main
stream.

7. The cooled surface is at a uniform temperature.

8. DNo heat is transferred in a direction perpendicular to the
coolant flow.

9. The inverse proportion between mass density and temperature
inside the boundary layer is used.

10. The viscosity is proportional to the square root of the
temperature.

1l. The velocity profile is expressed by a polynomial of the
fourth degree.
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12, The temperature is expressed by a parabolic function of
the velocity only.

13. No pressure gradient exists across the boundary layer.
The equation of motion in the boundary layer of a flat plate

in steady compressible flow is given by:

Pc(s)_‘.(+/0u’<3°‘ (//cc\t()

_j ees (a)

where the x-axis and the y-axis are chosen as shown in Figure 4, and
u and v are the "x" and "y" components of the velocity at any point.
The equation of continuity is:

3 () + Lf‘
L) g (P

'

eee (b)

The equation expressing the energy balance between the heat
produced by viscous dissipation and the heat transferred by conduction

and convection is given by:

a—‘ 9yt
~/ eve (2)
where k = conductivity of the fluid

Applying boundary conditions and solving equations (a) and (c),

the relationship between T and U is obtained

T /) ¥ - a i /—»EL)
T L Cl, o,

eee (d)
where U = the velocity outside the boundary layer

T,= temperature of the plate surface

T,= temperature of the main stream
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For zero pressure gradient, the perfect gas equation of state gives:

. I
j%r ) T eee (€)

The viscosity variation with temperature is given by
—
g (J_)/a
Ay 7
ees (T)

Integrating the equation of motion between the limits y = O
and y =<f, and using the equation of continuity and the following boundary

conditions:

\(’]:O ! C(:O) Vo= ‘-’F"

-5:J : cx:Cﬁ/ N J(J)
we obtain
d d y Jy
_;XJ/OL(zC/j‘ ulj);(ipb(({j "‘fol/" L(/ —[:///( Aj]o

cee (g)
where <f = boundary layer thickness
Ve = coolant injection velocity
/99 = density of the coolant
The velocity profile is:
2 3 4
Y.ap)r () re™) a1
vee (h)

Y
where = -
=3

with the following boundary conditions:

S wsU, o MLyl
H-Cf. [ l) aﬂ)_ O) éh\-j 'O

‘ = = du ) = )
e O WO, e ($5)= (L

;) 9+@Jéi)’%? >s
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The c-nstarts a, b, ¢, and 4 2~ given by:

_ 2 __éQ ._248) . 1+3)
a= ,_',A ) b‘ '_'_A ) C‘ ‘+A ) d~ ""A
— N, - | Y- A
eod by ‘?E"*%I?M J’cv/-‘“’T//(

where /% = <;/(5 - I;

ne veloeibyr distribution is then

Yot
U l+A

Quﬁ LZ 2+82 573 + 13Xy
I+ -~ e (J)

and tha density ard viscosity uy:

poplm- (R = Bt y-y))
s [~ 7 Sty -] e (D)

]
where n= 3 6r

and:

Alw

Tguations {j), (k), and (1) are substituted intc the first two
teris of equation (g), which are then differantiated. The result of the
twe differentizticns is substituted back into equaticn {g) , which is then
a linear egustion and can be soled by dirzet integration. The constant
of integration is sclved from the houndary corditions, This equation
gives an expression for the non-diimensional length ;5= (ﬁﬁ)ﬁ) Yx

/OI Ul
in terms of the mazin-stream temperature, houndary-layer tonperature, wall
temperature, crolant m=s3s flow, wall and main-stresam viscosities, and the

i

main-streaxr kack Number, This equation is not valid for M = 0, and the

equation is modifisd to apply for this condition. These sclutions are
given by Yuan (seec ref. 69). Graphical representation of these solutions

s given in Figures 31 to 39. Figures 34 and 35 show the growth in the

[

- .

boundary-layer thickness with the increase of Mach Humber and the ratio
of the rain-stream temperalure to the wall *temperature. The compressibility

effect increases tho heat transfer through the wall, and the amount of heat
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produced in the boundary layer increases with speed. Therefore the increase
of Mach Number or the temperature ratic have the same effect on the boundary-
layer thickness.

Figures 36 and 37 show velocity profiles plotted against y(Ve/y, )
and Lh/vl respectively for various nondimensional lengths,‘f , and Mach
Numbers.,

Figures 38 and 39 show the temperature distribution plotted against
3‘L/$‘ for different Mach Number and ratios of v/ e The temperature
gradient at the wall increases with Mach Number, and decreases with increasing
vﬁ/Lh o« This indicates that the heat transfer through the wall increases
with the increase in the comyrressibility effect and decreases as the injection
rate increases.

The velocity and temperature profiles for heat transfer through
a laminar boundary layer may be obtained more readily by making the following
simplifying assumptions: 1) no axial pressure gradient; 2) no variation in
fluid properties; 3) Ve X f%; .

The equations of motion, continuity, and energy are simplified to:

53; \j f ayl coe (I)

and Aéﬁf + ;L! = 0
Ox O eee (II)

d X Y 'c,a/o oy* eeo (IID)

eee (IV)
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If the following substitutions are made:

. S

LI (V)
where ¥ is the stream function
the momentum equation becomes?
.FHI-*--[\M :O
eee (VI)
with the boundary conditions:
. —-82vVe [Ux
W0 £(0)=0, F(0)- o Ehrs
%7:-06 ! jc %?xo}= c J + ”(EX?/ =0
ees (VII)

A valid solution is obtained only for f(0O) = constant = C, or when the

injection velocity is given by:

u,
U, x p
/44

Vo = =

nqr;

ees (VIII)

The velocity and temperature profiles are obtained by genera-

lizing equations (I), (II), and (III) and solving the resulting equation.

For this purpose dimensionless profile moduli,

and dimensionless fluid property groups,
Ze = |

Cp M
k

™
[

eee (IX)
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are introduced into equations (I), (II), and (III). This gives:

e (X)
If wall temperature, Ts, and the main-stream temperature are

independent of x (X) becomes:

/

B rZfA =0

vee (XI)
with following boundary conditions:
27 =0 , B=0
- /‘—
%7 =09 ;2../‘/ /8 =0
ees (XII)

where f denotes the solutions to equations (VI) and (VII),

1f values of f(% ) are available p(l{) may"be found by direct integration:

B(y)= Bl0)[erp (-2 F4Y)]
d 4
ﬁum=ﬁﬁ%ﬁwéf[ﬁwUd7

and with the boundary condition that P(<az) = |

eee (XIII)

eee (XIV)

B10) =

[
“Texp -2 [ dy)]d L
exp~2 [, $dy)]
jOY Z. /0 a f 7 / ees (XV)
Mickley et al (see ref. 46) used values of f(ﬁ) given by
Schlichting to give numerical solutions to equations (XIII), (XIV), and

(XV). Figure 4O shows representative profiles, B , obtained by this method.
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Pressure Drop Across Porous Walls

The equation of flow of homogenous incompressible fluids through
porous media is cdeveloped as follows:

Porosity, € = volume of voids = Ae
total volume A

where A = total cross-sectional area
Ae = effective cross-secticnal area of the voids

The effective axial velocity component in the voids is:

Ue= 9 = Q@ 1 = Un
Ae A T f
where Q@ = veclumetric flow
Un = mean approach velocity

Because of twisting of the passages in the porous material, the
effective length 1, of a channel will be greater than the height of the
porous bed,] . The effective mean value of the absolute fluid velocity is:

From the Hagen-Poiseuille Iaw for viscous flow in pipes, the
pressure drop across a porous bed is:

Ko LU Ve le

AP =
where m = hydraulic radius of void passages
Ko= constant

Comparing the above with

(Hagen®Poiseuille Law)
it is seen that:

Lm

1
oo

(pipe diameter)

and Ko = 2 (this value applies strictly to passages
of circular cross-section only)
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The hydraulic radius of the voids is:

m = flow area = volume of fluid in the bed
wetted perimeter wetted surface
- __fAl - _f
wetted surface S
where S = wetted surface per unit volume of porous material

After substitution into (1) we have:

4ap: K,—-— ( 1")/A U 1

The above is called the Carman-Kozeny Equation. It can be also written as:

ap: K%: A U 1

where K= Ko (éiﬁ)l = 5 (see ref. 7).

For consolidated porous media the Carmen-Kozeny equation does
not agree well with experimental results, because of the inaccuracy in
measurement of the wetted surface and the high tortuosity of the porous
materials.

Two other equations for the pressure drop through porous media
are given below:

1. Blake Equation:

= w(l=fy? Laminar flow
ap K/ud(_;:_)
l
A = K ___ Turbulent flow
P £als
(see ref. 33)
where d = characteristic particle diameter

K = experimentally determined constant
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2. Beldecos Equation:

2FG1 A (~f)*

ap dgps
with F = 100 (‘/{TG)"
27 bt
and AP = apgﬂ’l{:\qﬁ}(' -F)
with F = 1.75(5(7(’)‘l
where A = 205 \7%% = shape factor

A = surface area of particle, £t
G = mass velocity

V = volume of particle

The permeability of a porous medium is given by:

Kp=

ﬁ_z/(Ap ‘ '+l)
'/°gl

Re < 10

Re » 300

(see ref, 71)

(see ref. 56, page 56)
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DESCRIPTION OF APPARATUS

Heat Transfer Rig

The apparatus consisted of a large fan, a combustion chamber,
a test section, and a coolant air supply system. The air supplied by the
fan was heated by burning propane in the combustion chamber and then
exhausted into the test section. One vertical wall of the test duct had
a porous bronze slab installed in it. Cooling air, whose injection
velocity was varied as the inverse of the square root of the distance
along the porous plate, was injected through the porous wall at right
angles to the main-stream air flow. To simulate the condition of zero
boundary-layer thickness at the leading edge of the porous plate, the
boundary layer was bled off through a slit located % inch upstream of the
porous plate. The coolant mass flow, main air mass flow, and main air
temperature were varied to give the widest possible range of test conditions.
Provisions were made for the measurement of hot and cdd side temperatures
of the porous wall and the coolant and hot air temperatures, These tempera-
tures, with the coolant mass flow,were needed for the determination of the
heat transfer coefficients of the porous wall. Pitot probes and thermo-
couples were used in traversing the boundary layer to give the velocity
and temperature profiles for a sweat cooled wall with a turbulent boundary
layer.

The main air was supplied by a low pressure fan at about 1% psig.
It was then heated in a combustion chamber. The combustion chamber consisted
of an 8 inch I.D. duct with a stainless steel flame tube and a Maxon Filotpak
burner nozzle. A bundle of small stainless steel tubes, acting as flow

straightencrs, was located in the & inch I.D. duct leading the hot air from
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the combustion chamber to the test section. A Honeywell Combustion Control
was used to insure safe operation of the combustion equipment.

The test section was 2 inches wide, 3 inches high, and 17% inches
long. In one of the vertical walls of the test duct the test specimen was
installed and in the other a Pyrex window., The test specimen (see fig. 11)
was made of sintered porous bronze of 4l.4 per cent porosity. It was
manufactured from 90 per cent Copper, 10 per cent Tin powder of 60 to 80
mesh size. Four thermocouples were imbedded in the coolant-duct-side
surface of the porous wall at 1, 4, 7, and 9 inches from the leading edge
and at about the main height of the test wall. The thermocouples were
placed in + long vertical grooves. The thermocouple wires were led along
the grooves to reduce errors due to conduction on the plate surface., Four
thermocouples were placed in small vertical holes in the test wall at
varying distances from the hot surface. These thermocouples were intended
to measure the temperature distribution in the wall,

The inside surfaces of the test duct were made of very highly
polished stainless steel in order to reduce the heat transfer to the test
wall by radiation.

A shielded thermocouple, which could be moved in the vertical

direction by a traversing gear, was located at the entrance to the test
section. Just above the Pyrex window, at distances of 0.09, l.1l, 4.05,
9.0 and 12.05 inches from the leading edge of the test wall, were located
five pitot-thermocouple probes, which were used to traverse the boundary-
layer profiles at mid-height of the test duct and in a direction perpen-
dicular to the test wall. The location of the seoond, third, and fourth
probes corresponded to that of the thermocouples on the coolant-side of

the test wall. The pitot probe was made of 0.008 inch I.D. and 0.016 inch
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stainless steel tubing. The probes were moved by a traversing gear and
the distance of movement was measurad by an Ames Dial Gauge.

The coolant duct, which was divided into 2, 4, and 6 inch long
compartments, covered the cold side of thz test specimen. The coolant
duct was dividend into compartments to facilitate the coolant mass flow
regulation in order to provide a coolant injection velocity which varied
as the inverse of the square root of the distance along the plate. The
coolant air was supplied at about 110 psig from the laboratory high pressure
air a2upply system. The air was passed through a Micro-Klean Air Line Filter
so that even the microscopic dirt particles would be removed. Otherwise the
porous wall would become plugged, and the permeability of the wall would
change. From the filter the air passed through & coolant manifold and
pressure reducing valves to the coolant duct compartments. To smooth out
the flow each coolant compartment had two fine-mesh screens installed in it.
Bach coolant compartment had a thermocouple at its centre to measure the
coolant inlet temperature,

A1l the thermocouples were connected to a self-balancing Honeywell
Brown Electronic Potentiometer. The hot surface temperature of the test
wall was measured by a Siemens Ardonox Radiation Pyrometer, which was mounted
in such a way that it could be moved parallel to the test wall. The
radiation energy from the test wall was focussed by a mirror on a 23-element
thermopile. The output from this thermopile was passed through the Ardonox
internal circuits and was measured on a very sensitive galvanometer connected
to the Ardonox. The Ardonox was calibrated to obtain the relationship
between the galvanometer reading and the surface temperature.

A more detailed description of the apparatus is given in Appendix 1.

See also Figures 5 to 16.
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Pressure Drop Test Rig

This rig consisted of a 6 inch I.D., 24 inches long settling
rchamber, to which a brass bellmouth was attached.(see fig. 17). The test
plugs were inserted into the bellmouth and the static pressure taps on both
sides of the plug were used to measure the pressure upstream and downstream
of the plug. The air supplied to this rig came from the high pressure
supply through the air filter and several regulating valves.

Six 1 inch 0.D., 3 inch thick porous bronze (90 per cent Copper,
9% per cent Tin, and % per cent Carbon) plugs of about 20, 25, 30, 35, 40O,
and L5 per cent porosities were used. Figures 18 to 23 show the microphoto-
graphs of these specimens. The manufacturer of these plugs experienced a
great deal of difficulty in obtaining the regquired porosity range. To
achieve this, non-spherical grain powder was used and the plugs were pressed

after sintering.
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EXPLRIMINTAL PROCEDURE

Heat Transfer Tests

Series of tests were carried out at L main air mass flows, 4
test duct temperatures, 3 coolant mass flows, and 2 traverse probe planes.
Because of the time required to transfer the traversing mechanism from one
pitot probe to the other, the tests in the two traverse probe planes were
carried out separately. The tests were carried out first with boundary
layer traversing at the location corresponding to the centre of the second
coolant duct compartment, and then at the location corresponding to the
centre of the third cooiant compartment, i.e. at 4.,0625 and 9 inches from
the leading edge of the porous plate respectively.

After the rig was warmed up and thec test specimen temperature
remained constant for about 5 to 10 minutes, the first pitot probe was
.used to check whether the boundary layer thickness at the leading edge
of the test wall was zero. 3Since the capacity of the suction fan was
hisgh, one suction line valve setting was adequate for all tests. A check
of the temperatu-e distribution along the plate was made with the Ardorcx.
Then the temperatures, pressures, and orifice pressure drops were
recorded. At the end of each test the traversing by the pitot-thermocouple -
probe was conducted.

The coolant injecticn velocity along the plate was made to vary
as the inverse of the square root of the distance along the wall or ve* é% .
This was tc insure a fairly constant porous wall temperature on the duct
side. The tests were carried cut at values of X equal to 0,1378, 0.320,
and C.472. The highest value of K corresponded to the highest mass flow

available from tlLe high pressure air supply.
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The tests were conducted at combusticn chamber outlet temper-
atures of about $0, 21C, 300, and 390°F. One run was conducted at LEO°F

and one at 560°F. The main-stream velocity ranged from 58 ft/sec. to 110 ft/sec.

Pressure Drop Tests

The porosity of tho plugs was determined by measurement of their
volume and weight., The same procedure was followed with the porous wall
used in the heat transfer tests. Microphotcographs of the surface of the
plugs were made for the determination of the pore areas and the wetted
surfaces. OSince the pore structure varied greatly from one region of the
surface to another, a "representative" pore structure for each plug could
not be found. Also, the pore boundaries were not well defined even after
the plugs were etched by different chemicals.

The test samples were glued with epoxy resin intc small sleeves,
which held the plugs in place in the bellmouth. Before testing, all
speciments were washed in alcohol.

The pressure drop test consisted of recording vressures on each

side of the test plug, held in the bellmouth, for different air mass flows,
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DISCUSSION OF EXPERIMENTAL REBULTS

Heat Transfer through Porous Wall

The tests were conducted at coolant injection velocities of
04237, 04551, and 0,812 fty/sec.at the first traverse plane, and 0.168,
0.390, and 0.576 ft/sec.at the other. The porous wall Reynolds Number
based on the particle diameter ranged from 0.8 to 4.5. The main-stream
velocity ranged from 60 to 110 ft/sec, and the main stream Reynolds
Number, based on the hydraulic radius, ranged from 4C,000 to 90,000, The
main-stream temperature ranged from 580 to 1000°R.

To obtain h', the heat transfer coefficient per unit volume, the
coolant and the porous wall surface temperatures on the cold side and hot
side were inserted into the equation for the temperature distribution in
a porous slab (see equation 4a). An iteration was conducted on an electronic
computer to obtain h', which was the only unknown in that equation. Because
of the complexity of tne equation, the computer would stop if the first
guessed h' was nct very close to the correct value. Only by restarting the
program several times with successively better guesses of h' could the
correct value be obtained. This process took a fairly long time on the
Bendix 500 computer which was used in the calculations. Since the available
computer time was limited, h' was calculated for a few test runs only.

In calculating the Nusselt Number, h' is used. The Nusselt Number
is given by:

Nu' = h'd®
6[(1-£)k]

where

6Q1-f) represents the surface area per unit volume for a bed of
d

spheres.,
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If the simplifying assumption is made that the porous wall is
composed of long parallel cylindrical channels, then "d" used in the Nusselt
Number is the diameter of the cylinders. Since the channels in a sintered
porous material are not cylindrical and are very tortuous, this assumption
is not adequate, If the porous material is assumed to be constructed of
very small spheres, then d is the sphere diameter. This is a better
assumption, but not strictly accurate. In sintering porous materials, the
shapes of the spheres are distorted and their boundaries fuse together.
Thus "d" defined this way is not a true representative distance for a
sintered porous material, but it is used for lack of a better one. The
particle diameter used in these calculations was calculated from the
average mesh size of the particles used in the fabrication of the porous
walle The value for d was calculated to be 0,00143 inch.

The Nusselt Number was plotted against the Reynolds Number, which
was given by ;%ﬁ% + The mass flow per unit area,G. , was divided by the
porosity, f, to represent the actual mass velocity in the pores. Figure 24
shows this graph. A correlation line for the beds of granular materials,
and some previous experimental results (see ref. 29) are also given on this
graph. The points from this experiment lie close to the correlation line,
but are somewhat removed from the previous experimental points. Since in
the calculation of Nu' d is used, a small decrease in the value of d will
lower the experimental points.

With coolant injection velocities of 0.237, 0.551, and 0.812 ft/sec,
the values of h' were about l.6 x lO5 s 3.0 x 105 , and L4 x lO5 Btu/hr.
f€:°F/fﬁ? respectively, The values of h' are given in Appendix 3. The few
values of h' obtained indicate that h' increases with main-stream velocity,

but is insensitive to the main-stream temperatures. Runs 7 and 10 are at
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the same main-stream temperature, but the velocities are 69 and 77 ft/seq
respectively., For run 10, a higher value of h' was obtained. Similarly,

in runs 21 and 23, which have the same main-stream temperature, the main-
-stream velocities are 67 and 83 ft/sec. The resulting values of h' are

2.4 x 10° and 3.1 x 10° Btu/hr. ft?F/ffirespectively. Because of the small
number of experimental values obtained no definite conclusions can be reached.
But since the increases in main-stream temperature and velocity increase

the heat transfer to the porous wall, a similar effect can be expected on the
porous wall,

Figures 25 to 28 show the computer calculated temperature distri-
bution in the porous wall. After h' and the constants C,, C,, and C,; are
calculated by the computer, various values of x, the distances from the cold
surface of the porous wall, are substituted into equation La and the wall
temperatures are calculated. The curves show a very high temperature drop
near the hot surface of the porous wall, while near the cold side the
temperature decrease is sraller. Figure 25 also shows the readings obtained
from the thermocouples imbedded in the porous wall., These thermocouples did
not give good results. One reason for this may be that when the holes were
drilled the passages in the porous wall were blocked, and the thermocouples
were located in air pockets. This explains the fact that in Figure 25,
near the cold surface of the wall, the measured temperature is higher than
the calculated one, and near the hot surface it is lower.

Figures 29 and 30 show the cooling efficiency plotted against the
ratio of the coolant mass flow to the main-stream mass flow for different
coolant injection velocities. Figure 29 is for the first traverse station,
and Figure 30 is for the second traverse station. Cooling efficiency, 72 R

is defined as the ratio of the temperature difference between the main stream
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and the hot wall surface, and the temperature difference between the main-
stream temperature. The cooling efficiency would be 100 per cent if the
hot surface temperature were lowered to the same temperature as that of

Vo
T’ where Qo

and, Yo , and g, , and lJ,: are the density and velocity of the coolant

the coolant at inlet. The mass flow ratio is given by <42

and main stream respectively. The injection velocity is calculated from
K, where 2 is the distance from the leading edge of the porous

B3
plate, and the values of K are 0.1378, 0.320, and 0.472. <The higher the

[{]

Vo

mass flow ratio, the closer will the wall surface temperature approach the
coolant temperature, and the higher will be the cooling effieiency.

Neglecting the experimental scatter of points, correlation lines
are drawn on Figures 29 and 30. The slope of the correlation line for the
first traverse station is 0.94 and for the second traverse station, 5 inches
further downstream, the slope of the correlation line is 1.2. This
indicates that for the same mass flow ratio higher cooling efficiency is
obtained at the downstream station. This demonstrates increase of the
blanketing effect produced by transpiration cooling as the distance along
the plate increases, Figures 29 and 30 show that’( is proportional to the
mass flow ratio.

The highest cooling efficiency obtalned at the first traverse
station is 83 per cent for a mass flow ratioc of 0.0l4, and at the second
traverse station the highest cooling efficiency is 80 per cent for a mass
flow ratio of 0,010, For the same flow ratio and main-stream temperature,
the experimental points from runs with high main-stream velocity lie slightly
below those with low main~stream velocity.

Figure 31 shows the combined thermal conductivity of the porous

matrix and the coolant plotted against the mass flow ratio (equation for ko
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is given on page 24). The results from runs with the same velocity of
injection lie on lines of constant combined thermal conductivity, K e
Figure 31 indicates that for a constant velocity of injection k,is
independent of the mass flow ratio. Figure 32 shows k,, plotted against
the injection velocity. The correlation line drawn on the graph shows
that k,, is directly proportional to Vo . The results from runs at the
second traverse station lie below this line., For values of va of 0.168,
04237, 0.390, 0.551, and N.812 ft/sec,kw was 1.5, 3.0, 3.3, 5.5, and 8.0

Btu/hr.ft?F. Appendix 3 gives values of kw for all runs.

Heat Transfer Through Boundary layer

With coolant inJjection the transition to turbulent flow occurs
at very low Reynolds Number, therefore, all tests conducted in this
experiment were in the turbulent range. The injection velocity was varied
approximately as J%: , to provide a fairly constant test wall surface
temperature. ‘hen the porous wall surface temperature was measured by the
Ardonox, it was found that the wall temperature' near the leading edge was
higher than in the middle section. But 1in the pért of the porous plate
where measurements were made, the surface temperature was fairly constant.
The temperature at the second traverse station was only slightly lower than
at the first station. Thus the condition of constant wall temperature was
maintained fairly accurately. Since the texture of the poraus siab was very
fine, the injected fluid came into the mainstream in very small streams.

The film heat transfer coefficient is calculated from the following

equation:

h: (/%) Cp C‘(‘S‘Tc)
(T, '"Cs)
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where W coolant mass flow

Cp = specific heat of coolant inside the porous wall

ts hot. porcus wall surface temperature

Tc = cooclant inlet temperature

T, = main stream temperature
Thus from the measured values of the coolant mass flow and the surface,
main-stream, anc¢ coolant inlet temperatures the {ilm heat transfer coeffi-
cient for all test runs is calculated.

Appendix 3 gives the film heat transfer coefficient on the hot

side of the porous wall obtained from experimental results as well as a

film heat transfer coefficient, he, for a solid plate calculated from the

8 _ .3
Dittus and Boelter's equation, Nu = ,0265 Rex Pr , given in the Introduction

to _the Transfer of Heat and Mass, by Lckert. The Reynolds Number in this

equation is based on the distance from the leading edge of the plate. The
effectiveness of coolant injection in reducing the film heat transfer
coefficient is evident. The value of the film heat transfer coefficient

is reduced by ccolant injection at first traverse station by at least 10 per
cent at very low injections velocities, and up to 80 per cent at the highest
injection velocity. At the second traverse station values of h for three runs
were about the same as h.. This was probably due to experimental inaccuracy.
The experimental results show that the film heat transfer coefficient, h,
increases with the main-stream velocity and decreases with the main-stream
temperature. In runs 3, 4, and 5, T, andv, are the same, and the main-
stream velocities are 59.3, 66.5, and 70.2 ft/sec. The calculated values
of h for these runs are 5.8, 7.9, and 9.8 Btu/hr. £t F respectively.
Similar increase in h with an increase in U, can be seen in other runs with
same main-stream temperature and injection velocity. Runms 6, 10, and 12

have the same U, and V., but T, values of 594, 665, and 748OR. The values
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of h for these runs are 12, 11, and 9 Btu/hn f£%°E’reSpectively. Thus
the results prove that h increases with U; and decreases with T .

Figure 33 shows h plotted against the mass flow ratio. The
points with the same injection velocities are joined by curves. The
curves at low mass flow ratios are almost vertical, while those at higher
mass flow ratio are less steep and show that h increases with the main-
stream velocity.

An attempt was made to find a correlation for h, by plotting
Nux against Rex on logarithmic scale. But the points showed no definite
correlation, even when points with the same mass flow ratio were selected.

The plot of77, cooling efficiency, versus the product of the
square of the mass flow ratio and the Reynolds Number is shown in Figure L41.
A theoretical curve, based on an equation derived by Grootenhuis (see ref. 29),
is shown on the same graph. The experimental points show a great amount
of scatter and lie considerably below the theoretical curve. IExperimental
results obtained by other researchers (Friedman, Jakob, and Fieldhouse,
Duwez and Wheeler) show a similar deviation from the theoretical curve
(see ref. 29). 9Since the theoretical curve was derived with the assumption
that there is no heat transferred by radiation and that the Prandtl Number
equals unity, the experimental points should lie below it., For the same
injection velocity and mainstream temperature the experimental points (in
Figure hl) corresponding to runs with low mainstream velocity lie below
the points with higher main-stream velocity. This is because (T, - T.) is
constant, and with high LQ the film heat transfer coefficient is higher.
Therefore the surface temperature ts is higher, (T - ts) is smaller, and

77 = .Q‘_Ej is smaller.
T~ T1c
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4
Figures 42 to L4 show velocity profiles(ﬁ) plotted versus a

non-dimensional distance 4/ , where J is the momentum thickness and is

e [ H (- 2y

When plotted this way, the velocity profiles look similar. Since the

given by:

pitot-fhermocouple probe could not be brought very close to the wall,
traversing of the region immediately next to the porous wall could not
be performed.

Figures L5 to 54 show fi plotted versus a non-dimensional distance,

Y4 [/« « The profiles for the runs with the same injection velocities

ari szgilar, but the profiles for runs with higher U; are steeper. When
comparing the velocity profiles for runs with different injection velocities
it is evident that the higher the injecticn velocity the steeper is the
profile. The theoretical curves for laminar boundary-layer velocity profiles
(see fig. LO) are shifted to the right when coolant injection is present.
The experimental profiles are for a turbulent boundary layer, but they
exhibit a similar behaviour.

Figure 46 shows velocity profiles at the two traverse stations ob-
tained from runs with same conditions (i.e. same T,', U,, and Vo= \,—?{: ,
where K = ,1378). The points corresponding to the second traverse station
are lower. This indicates that the boundary-layer thickness is increasing

in the downstream direction and the velocity profiles are steeper near the

leading edge of the porous plate.

Figures 55 to 63 show temperature Q%;liiL.) profiles plotted
[N S
[
versus a non-dimensional distance E% 5%{ o As was seen from the curves

of velocity profiles, the temperature profiles are steeper at low injection

velocities, and flatten out as the injection velocity 1s increased. This
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in qualitative agreement with Figure 4O. The temperature profiles were
plotted on logarithmic paper to see if these profiles follow a power-law
distribution. The result was negative, since the graphs were not straight

lines.

Pressure Drop Tests

The porosities of the bronze plugs were found to be 22.4, 25.3,
30.9, 36.9, and 40.8 per cent mspectively. One plug was not tested because
its surface was covered by epoxy resin, which plugged the pore openings.
Figures 65 to 69 show the pressure drop across the plug plotted against air
mass flow. Except at low mass flows the graphs show a straight line relation-
ship Between the pressure drop and the mass flow. This proves that the
Carman-Kozeny equation is correct, since for any one plug it may be written

as:

ap = (constant)/w lln 1
=(constant ) U u,

and Ly is proportional to the mass flow.
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CONCLUSIONS

The effect of air injection on the heat transfer through the
porous bronze wall and the turbulent boundary layer in subsonic flow has
been studied experimentally.

The heat transfer equation through a porous wall was solved to
obtain h', the heat transfer coefficient per unit volume, and the tempera-
ture distribution inside the porous wall. For injection velocities of
04237, 0,551, and 0.812 ft/sec, h' was calculated to be about 1.6 x 105 s
3.0 x 10° , and 4.4 x 107 Btu/hr £ °F/£6, respectively.

The cooling efficiency was found to be proportional to the mass
flow ratio in the range of mass flow ratios from 0.C0L4 to .0l4. The cooling
efficiency improved with the distance along the plate.

The combined thermal conductivity was directly proportional to
the injection velocity. For injection velocities of 0.168, 0.237, 0.390,
0.551, and 0.812 ft/sec, kw was calculated to be 1.5, 3.0, 3.3, 5.5, and
8.0 Btu/hn ft\°F,

The film heat transfer coefficient, h, was found to vary directly
with the mainstream velocity, and inversely with the main-stream temperature.

Coolant injection into a turbulent boundary layer increased the
boundary-layer thickness and flattened the velocity and temperature profiles,
The larger the velocity of injection, the larger this effect was,

Pressure drop across porous bronze plug was proportional to the

air mass flow,
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APPENDIX 1

DETAIL DESCRIPTICN OF THE HEAT TRANSFER RIG

Air Supply

The main air was supplied by a Sturtevant Centrifugal Compressor,
which was driven by a 10 HP, 3500 pm, 10 a, 550v, 60 cycle, 3 phase General
Electric Induction motor. The fan was rated at 2 psig at 900 cfm, and was
run at about 2330 pu. It exhausted into a duct 8 inches in diameter. Two
2 inch pipes branched out from the main duct. One, fitted with a 2 inch
gate valve, served as a by-pass to let out air when the main line was almost
shut off. The other line supplied the primary air for combustion. Further
in the main duct there was a butterfly valve driven by a 22y, 60 cycle,
2L watt Modutrol motor. The motor was supplied by 115v a.c. current fed
through a 60 cycle 115y to 25y Hamnond transformer, and was controlled by a
potentiometer and an on-off switch. A 0,309 inch ID orifice plate was used
to measure the main flow. Two Iron-Constantan thermocouples were used to
measure the air temperature. One was located Jjust before the orifice agd
the other before the combustion chamber entrance. The primary-air line was
fitted with an Iron-Constantan thermocouple, a 1,1875 inch ID orifice plate,
and a 2 inch globe valve. The pressure drops in the orifices were read on
glass manometers filled with dyed water. The absolute pressures in the
main-air and the primary-air lines were fead on bourdon-type pressure gauges
with ranges of O to 30 and O to 15 psig respectively. The manometers were
connected to the pressure taps by £ inch plastic tubing and the pressure
gauges were connected to the pressure taps by + inch copper tubing. See
Figure 5 for a schematic diagram of the apparatus, and Figure 6 for a

photograph of the rig,
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The cooling air was supplied at about 110 psig frem the Laboratory
high pressure air supply. l'he air was bled off from the main line by a
2 inch gate valve at its beginning. A 1.25 inch ID orifice plate was located
in this line. The air was then led to a gate valve located in the instrument
pannel, and then by a 1 inch pipe to a Cuno Micro-Klean Air Line Filter.
Although a simple filter was dedigned for this rig, the use of the Cuno
Filter was decided upon because of its ability to remove from the air
microscopic dirt particles. This was important in this experiment because
of the danger of blockage of the porous bronze plate. From the filter the
air entered the cooclant manifold, made of a 3 inches in diameter and 12 inch
long cylinder, and then through three lines with pressure regulators and
orifice plates it entered the cooclant duct. The % inch line leading to the
first coolant compartment in the test duct and the other two 3/8 inch lines
leading to the second and third compartments had 0.225 inch ID orifice
plates. Before entering the test section the air was led by 3/8 inch copper
tubing through pressure reducing valves installed in the instrument pannel.
Two Iron-Constantan thermocouples, one installed in front of the first
orifice and the other in the coolant manifold, measured the air temperature.
The first orifice was not used because a high pressure manometer could not
be obtained. The pressure drops across the other three orifices were read
on glass~tube manometers, since the air pressure at these orifices was
reduced to 30 psig. The pressure tubes were connected toc the manometers
by 1/8 inch copper tubing. The coolant pressure at entry was read on a
0 to 160 psig pressure gauge, and at the three functioning orifices by three

0 to 60 psig gauges.

Combustion Chamber

The propane used for combustion was supplied from a bank of compressed
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propane bottles. The propane pressure from the supply line was reduced

to 20 psig by a 3 inch by % inch propane regulstor. The propane then
passed through a 5/32 inch ID orifice plate, which was located in a 1 inch
pipe, a propane valve, and a second propane regulator. Part of the propane
flow was then bled off by a % inch ccpper tubing and passed through a needle
valve, a solenoid gas valve and a shut-off cock to feed the pilot flame.

The main propane flow was led to the combustion chamber by way of a safety
shut-off valve.(see Fig. 7). All the control devicds, except the first
regulator and the shut-off cock, were located on the instrument pannel. The
orifice pressure drop was measured on & water-filled glass-tube mancmeter.
Propane pressure was measured before the orifice and after the second
regulator by O to 200 psig and O to 30 psig pressure gauges respectively.

An Iron-Constantan thermocouple measured propane temperature at entry to

the orifice.

The combustion chamber was made of a duct & inches in diameter
with a conical perforated stainless steel flame tube. The cone was 24 inches
long, and 4 inches in diameter at one end and 7 inches in diameter at the
other end. The main air entered the combustion chamber at right angles. The
primary air after having mixed with the main propane stream in the Series
52 HG ~ 200 Maxon mixing tube entered the Maxon Pilotpak 2 -24 burner nozzle.
The nozzle was attached to a flange which fitted over the entrance to the
combustion chamber. A movable plug was fitted in the nozzle to restrict the
nozzle throat area and thus increase the lower range of operation of the
burner. The flame tube was held concentric and in the right axial location
by being attached by means of three legs to an annular disk which fitted
between the above-mentioned flange and the combustion chamber. The burner
nozzle had an outlet of the pilot line, a spark plug, and a flame rod

(see fig. ©). “he insulated electrical lines from the spark plug and the
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flame rod were led out through two holes in the flange. The voltage in
the spark plug line was bocsted b a 110w to 1000y transformer.

The combusti-n equipment was controlled by a Horeywell R 4L85A
Combustion Control. This control equipment was connected to the 110v ac
supply, start-stop push button switch, solenoid valve, mercury switch
safety shut-off valve, spark plug transformer, and the flame rod. The
mercury switch was installed at the main fan exit and was intended to break
the electrical current to thes control equipment as soon as the main air fan
failed and the air delivery pressure fell. Unfortunately, this type of switch
did not function progerly and another, more sensitive one, was not available.
When the ignition button was pressed, the Combustion Control opened the
solenoid valve in the pilot line and injected some propane into the burner
nozzle. At the same time the spark plug was actuated and thus the pilot
flame was established. If the flame did not light up and the flame rocd was
not enveloped by a flame, which completed the flame rod's circuit, the
solenoid valve would be shut off. If the flame held, the air was then
introduced slowly and the propane safety shut-off valve opened, and the
combustion chamber was in coperation.

At the exit from the combustion section there was a 36 inch long
stainless steel duct. The entrance of this duct was filled with 8 inches
long, Z inch in diameter stainless steel tubes, which acted as flow
straighteners. The pressure drop from the mixing tube to the combustion
chamber was measured on & manometer, and ths combustion chamber exit temp-
erature was neasured by a Chromel-Alumel thermocouple. FEoth the combustion
chamber and the following section were insulated by 1 inch thick Magnesia
insulation (see fig. 9). Copper gaskets were used between the combustion

chamber and the following section, and at the entrance to the test section.
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Test Section

At the entrance tc the test section was a 2 inch long stainless
steel nozzle, which was designed according to the British Standard Code on
Flow Measurement. The nozzle reduced the flow from the 8 inch duct toc the
2 inch wide by 3 inch high test duct. The gasket between the test duct
and the nozzle was rade of 1/16 inch thick Asbestos sheet packing. It was
covered with aluminum foil and was wrapped with fibre glass insulation.

The test duct was 174 inches long. The two vertical walls of
the test duct were made of 57 inches wide, 17 inches long steel frames,
which had 3 inch by 12 inch windows (see fig. 10 for the cross-sectional
view of the duct). Above and below the window the frames had 1 inch wide,
L inch thick, and 17 inches long steel strips bolted to the faces of the
duct facing each other. One frame had the coolant duct brazed on the outside
to cover the window. The top and bottom of the duct were made of stainless
steel slabs which held between them, on one side the Pyrex glass window and
spacing slabs, and on the coolant duct side the porous wall and spacing
slabs. The steel strips on the side frares had their edges, which held the
stainless steel slabs, cut at an angle, so that when the bolts holding the
two side frames together were tightened, the stainless steel slabs pressed
on the porous wall and the Pyrex glass window forming a leak-proof duct.
Both the side frames and the horizontal walls had £ inch thick steel pieces
welded to them to form flanges at each end, when the duct was assembled.
Asbestos sheet packing 1/64, 1/32, and 1/16 inch thick, was used between the
bearing surfaces to give tight seals. This packing could withstand 1000 °F.
When the duct was assembled, th= ends were machined on a shaper to give smooth
surfaces. At the entrance to the duct a 1/16 inch thick asbestos gasket and
a £ inch thick steel flange were clamped to the duct flange, and holes were

drilled through the outer flange into the duct walls., The holes were then
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tapped and screws inserted into them. This was done to insurc that the
longitudinal members of the duct did not slide with respect to each other
and to give the duct more rigidity.

The Pyrex window was 0,22 inch thick, 3.25 inch wide, and 12.5
inch long. It was held against the frame by the flanges on the horizontal
walls (see fig. 10).

Thin Asbestos gaskets were used at faces of contact of the glass
and the steel, Since Pyvrex does not soften below 1506%, it was sufficient for
this application. Forward of the Fyrex slab and held in a similar way was a
# inch by 2.5 inebh by 3 inch stainless steel spacer. Behind the slab was
another spacer whose dimensions were i inch by 1.5 inch by 3 inch. During
testing the outside of ths PFyrex window was covered by very highly polished
copper plates to reduce the heat radiation from the test wall.

The test specimen was held in position in the same way as the Pyrex
window. In addition at each end it had flanges (see fig. 11), 1/16 inch wide,
which pressed against similar flanges on 3 inch thick steel spacers on each
side of the porous wall. The spacer closer to the duct entrance had a £ inch
wide and 3 inch high vertical slot cut in it. The slot, whose purpose was to
remove the boundary layer from the beginning of the porous wall, was located
1 inch from the beginning of the test specimen, and was connected to the out-
side of the test section by a duct brazed to the side wall., This duct was
connected to a suction fan. All the inside test duct surfaces had a mirror
polish to reduce the radiant heat transfer to a minimum. Silver plating would
have been more effective but since sulphur was present in the corbustion gasses
the silver would have been corroded.

The coolant duct was rade of 1/16 inch thick sheet metal brazed to
the side of the test duct. The cross-section of the coolant duct is shown in

Figure 10. It was devided into 3 compartments to give the coolant injection
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velccity which varied approximately as the inverse sguare root of the distance
from the leading edge of the test wall. The first compartment was 2.031
inches by 3 inches, the second was 4 inches by 3 inches, and the third was
5.969 inches by 3 inches. To smooth out the coolant flow, two fine-mesh
stainless steel screens were installed in each compartment. To prevent
leakage from one duct to another, the edges of walls separating the
compartments and bearing on the porous wall surfzce were made knife-edge
sharp. To prevent corrosion and to reduce the radiant heat transfer, the
inside walls of the coolant duct were painted with high temperature aluminum
paint.

Fach coolant duct had a static pressure tap, a movable Iron-Constantan
thermocouple, and a comnection which was pressure-tight and through which the
thermoccuple leads from the test wall could be led out. The static pressures
were read on three O to 100 psig range high precision Laberatory Test Gauges.
%he test. duct had three static pressure taps in the floor at distances of
2,66, 8.58, and 14.57 inches from the beginning of the duct. The pressures
were read on water-filled manometers., Chromel-Alumel thermocouples were
imbedded in the floor at 2.53, 8.46, and 14.66 inches from the duct entrance.
A movable, shielded Chromel-Alumel thermocouple (see fig. 12) was installed
in the duct 1.625 inches from the duct entrance. Five movable pitot and
Chromel-Alumel thermocouple probes (see fig. 13) were located just above the
Fyrex window and at 0.09, 1.1, 4.05, 9.0, and 12.05 inches from the beginning
of the test wall, which was 1.625 inches from the duct entrance. The pitot
probe opening was 1.6 inches from the ceiling and the thermocouple about

1.5 inches. The pitot probe was rade of 0,008 inch ID and 0.016 inch OD,

1 inch long stainless steel tubing silver-soldered to a 0.042 inch OD stainless

steel tubing which was soldered to (,125 inch CD stainless steel tubing. Side
by side with the pitot probe was a Chromel-Alumel thermocouple whose wires were

sheathed in a 0,CL2 inch tubing. Outside the duct the 0.125 inch tubing was
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joined to a 0.25 inch CD stainless steel tubing from which the pressure
line and the thermoccuple leads were separated by means of a brass "TM
connection brazed to the 0.25 inch tubing. The silver solder used in the
manufacture of these prcbes could withstand a temperature of 2CCC°F.  Since
the pitot probe was made of such small diameter tubing, there was a great
deal of trouble with dirt particles blocking its entrance. These probes

were calibrated against a standarc probe.

Test, Srecimen

The sintered porous bronze test wall was manufactured by the
Sheepbridge Engineering (Canada) Limited, in Cuelph. Although three pieces
of different porosities and powder size were made, only one was tested
because of time limitation. The test specimen was made of 90 per cent
Copper and 1C per cent Tin bronze powder of 60 to 80 mesh size. This
powder was sprinkled in a mold, pressed cold, and then sintered in an oven.
The slab used in the tests had a porosity of L1.4 per cent, very fine
texture and one very smooth surface.

The bronze slab was machined on a shaper to the required
dii:ensions (see fig. 11). It had 4 Iron-Constantan thermocouples soldered
in 1/16 inch by 1/16 inch by # inch grooves in the side facing the coolant
duct at 1, L, 7, and 9 inches from the leading edge. The first three
thermocouples were located in centres of the coolznt compartments. In
order to measure the temperature inside the porous wall, four Chromel-
Alumel thermocouples, sheathed in 0.,CL2 inch CD stainless steel tubing,
were placed from the top edge of the wall into small holes, about 1 1/32
inches deep, and forced in contact with thre metal. The holes were drilled
at 0.10 inch intervals and at 3.625, 3.795, 4.125 inches from the leading

edge of the test wall.
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Suction and Exhaust Systems

The gas sucked out from the test duct passed tirough a 1 inch line
which had a 1 inch gate valve and cooled in a 4 incles OD duct, was blown into
the exhaust duct hv a General Tlectric Turbosupercharger Model 7S5~B31-A2. The
fan was driven at 3900 pm by a 3 HP, 1735 pm, 3.5a, 55Cv, 60 cycle, 3 phase,
Type AD English Flectric motor.

The exhaust system consisted of a 12 inch long diffuser, and an 8 inch
0D duct, which joined into tlre lahcratcry exhaust system. The diffuser, mace
of mild steel, provided a smootl: transition from the 2 inches by 3 inches test
duct to the exhaust duct. The exhaust duct had a butterfly valve in it, so
thet it could be closed when the rig was noct in operation, and the exhaust

gasses from the Laboratory exhaust system tended to flow into the rig.

Instrumentation

The Iron Constantan and the Chromel-Alumel ther:ocouples were connected
to two selection switches and were read on a Honeywell Brown Electronic
Potentiometer which had two ranges and was self-balancing (see fig. 14). The
pitot probe total head pressures were read on a micromanometer filled with
alcohol. The two traversing gears used were driven by 24ydc motors. One
traversing gear, operating the shielded thermocouple at the duct entry, was
bolted to the test duct. The other, operating the probes on the side of the
duct, cculd be mounted at five different positicns on a rail and attached to
any one probe. The distarce travelled was measured by a finely divided scale
on the first traversing gear, and by Ames LCial Gauge on the other. The
direction of travel of the traversing gears was reversed by a double pole
single throw switch.

The temperature of the porous wail in the test duct was measured by
a Siemens Ardonox Radiation Pyrometer, which was mounted on a rail and could

be moved parallel to the test duct (see fig. 15). The Ardonox was
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a very sensitive instrument, which focused radiaticn energy from the test
specimen by a concave mirror coated by vapourized aluminum. A 23-element
thermopile consisting of Nickel Chrome~Constantan thermocouples was used as
the radiation receiver., A thin plastic foil highly permeable to infrared
radiation sealed the housing of the instrument and protected the mirror
and the radiation receiver from dust. For eliminating the influence of
the housing temperature on the test specimen temperature reading, a tempera-
ture~sensitive resistor preventing the slope of voltage versus temperature
characteristic from varying was connected in parallel with the radiation
receiver. In addition, a balancing circuit was used for temperature
measurements ranging up to 930 F. This circuit consisted of a dc bridge
with a temperature-sensitive resistor. The required parallel shifting of
the characteristic was caused by this circuit.

For the temperature measurement in the range of 200 to lOOCfF
a Photoelectric Amplifier was required. An available dc amplifier was
tried but it was not sensitive enough and did not give satisfactory
results. Next a dc microvoltmeter was tried, but it was unsatisfactory.
Finally, two galvanometers were used, and the Ardonox had to be calibrated.

The dc power to the Ardonox was supplied by a Kepco labs Power
Supply Model 5C - 18 - 4M. The Ardonox required a very steady de supply
and the above unit perfomed the requirement perfectly. The 15 de input
to the Ardonox was passed through a Heath Company Resistance box to obtain
the required 1l.22 - 0.22 ma current. This current was checked frequently
during tests by a Winston Model 328 milliameter. The output from the
Ardonox was connected to the galvanometers. A O - 10 my Rubicon Galvanometer,

supplied by évdc Heath Kit Battery Eliminator, was used for the low
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temperature range. A O -100mvG.E. Galvanometer, supplied by 110v ac

was used for the high temperature range. The input to this galvanometer

was passed through a 5 watt 500 ohm Howlett Pachard Voltage Attenuator.

When one galvanometer was in use, the other was shorted out. All connections
were made with shielded wires to prevent interference from stray emfs .(see
fig. 16).

To calibrate the Ardonox, a solid bronze plate, of the same
composition as that of the test specimen, was installed in the duct. The
calibration plate had nine thermocouples fitted in holes drilled from the
coolant duct side to within 1/32 inch of the hot surface. The calibration
covered a range of temperatures and mass flows which were used in the tests.
A great deal of time was spent ~n this calibration because of difficulty

in getting the Ardonox subsidiary equipment to work properly.
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APPENDIX 2

OPERATIONAL PROCEDURE FOR THI HUAT TRANSFER TESTS

The following procedure was followed in the operation of the
heat transfer rig: 1) the Honeywell Brown Potentiometer was turned on
to allow it-to warm up; 2) the Ardonox dec power supply and the Battery
Eliminator were switched on; 3) the exhaust duct butterfly valve was
opened and the switches on the main air and suction fans were turned on;
4) the cooling air valves were opened; 5) the main air flow was set to a
very low value; 6) the switch in the combustion control equipment circuit
was turned on to allow at least 60 seconds for the warming up of the
Honeywell Control; 7) the propane pressure behind the second regulator
was set at 4 psig and both the needle valve and the shut-off cock in the
pilot line were partly opened; 8) the Potentiometer was set on the
Chromel-Alurel range and the selection switch set to connect the combustion
chamber thermocouple with the Potentiometer; 9) the manometers and the
galvanometers were zeroed; 10) the ignition button was pressed, and if
the combustion chamber thermocouple indicated a temperature rise, the
propane flow was increased; 11) the air and coolant flows were set at the
required values; 12) the main propane safety shut-off valve was opened
and the propane flow was adjusted to flve the desired test duct inlet
temperature; 13) about an hour was allowed for the temperature of the
test wall to stabilize.

After the test specimen temperature remained constant for about
5 to 10 minutes, the first pitot probe was used to check the boundary-layer
thickness at the leading edge of the test wall., The following values were
then recorded: 1) temperatures, pressures, and orifice pressure drops of

the air, coolant, and propane; 2) test duct floor tempsratures and pressures;
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3) test wall temperatures; A4) coolant duct temperatures; 5) room tempera-
ture and pressure; 6) temperature and total head pressure at increasing
distances from the test wall. In order not to interfere with the flow
during traversing by one probe, the other probes were withdrawn and
hidden in the test duct ceiling, which had slots milled in it for this
purpose., Because of their construction, the pitot probes could not be
brought closer than 0.06C inch from the wall, but the thermocouples were
bent to be about .030 inch closer to the test wall.

VWhen testing was stopned, the propane valves were closed. Ihen,
after the duct had cooled sufficiently, the air fans and valves, the

Potentiometer, the Ardonox, and the galvanometers were closed.
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APPENDIX 3

Test Hesults

Run U1 Ty Vo Kn ' x 1070 h by
Ko. ftysec. °R ft/sec. Btu/hr ft. °F Btu Btu Btu
hr, £t€ °F ft2 hr-ft¢ °F hr. fte °F

Distance from Leading idge of Plate = L.0U6 in.

3 59.3 578 0.237 2.54 577 11.37
Ik 66,5 586  0.237 3.0k 7.95 11.23
S 70.2 561  0.237  2.96 9.83 12.95
6  77.0 594 0.237  LJL7 12.05 13.82
7 6L.L 665 0.237  3.07 1.49 7.67 J.6L
8 6b.8 662 0,237  3.43 9.57 L11.18
9  68.6 TS5l  0.237 2.8 64143 11.56
10 76,7 665 0,237  3.05 L1473 10.97 12,60
11 85.2 663  0.237 3.18 12,12 13.19
12 76,7 748 0.237  2.94 9.0L 12.28
13 85%.2 736 0.237 3.1 : 10.21 14.0
15 78 9i0  0.237  2.77 6.95 11.72
17 6U.7 584  0.55L  5.76 11,00 11.84
18 68,7 591 0.55L L.83 5.30 12.83
19  7¢.0 505 U.bSL  5.3L 9.37 Ly.L7
20 BUL 58U  0.55L 5.60 1.62 11.68 14.83
21 67.3 663 U551 5,50 2.4k 3.46 13.23
22 77.0 676  0.55L  5.56 3.75 5.78 1hol7
23 83.4 666 0551 5.54 3.1l 8.50 14.38
25  Thei LB  UL55L  5.50 3.92 11.10
26 68,1 760 U551 B.55 7.13 13.95

27  91.8 756 0,551 @ 5.62 L.015 8.50 14,50
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Run Uy T v kl"} h' x 107 h he™
No. ftysec, °R ft/sec. Btu/hr, £t, °¢ Btu Btu Btu
ar, £t °F f£t7 hr f£t¢ °F an ité of
23 85.8 923 0,551 5.53 o1l 12.43
29 97.8 938 uL.551 5.65 6.96 13.73
30 103.6 753 Q.551 5.67 10.30 14.89
31 65.3 5UL 0,812 7.17 3.39 12.73
32 73.0 5YL 0.812 7.3h 5.06 13.91
33 79.7 586 0.812 6.67 6.35 14.88
3L 65.3 578 uw.ol2 8409 3.12 15.80
35 72,0 664 0.8L2 8.32 3.60 12,80
36 81.2 673 0.812 8.51 L8 ;.23
37  88.L 674 0.812 7.93 6.60 14.83
38 96.1 670 0.812 7.95 5.17 9.99 15,7k
39 78.1 753 0.812 8.06 3.69 3.07 12,70
KO B6.7 760 0.612 7.79 .22 13.73
W1 97.6 759 U.8L2 781 7.42 15.23
b2 95.5 996 wu.8l2 7.76 3.85 13.02
L3 102.3 932 0.812 8.00 6.31 14.38
bWy 110.3 908 0.812 8419 6.52 16.23
Distance from Leading Edge of Plate = 9.00 inches
L6 65.4 578 0.576 i1e92 L.48 10.87
b7 79.6 578 0.576 470 9.04 12.73
L8 76.6 733 U.576 L.91 3.53 11,03
19 96.3 751 0.576 L.80 8.6 12.92
50  92.2 751 0.390 3.38 10.21 12.45
51 7h.5  7h2 0.390 3.59 5.7 10.61
52 63.4 579 0.390 3.37 10.09 10.75
53 69.9 577 0.390 3.32 9.25 11.42
S5h 75.7 578 0.390 3.31 13.38 12.27
55  B0.7 578 0.390 3.31 13.38 12.92
56 62.2 659 0,390 3.30 1499 10,92
57  84.6 666 0,390 3.37 10.37 10,40
58 60.8 550 0,168 1.42 6.33 10.22
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Run U T3 v, k ht x _|_O'5 h hc*
No. ft-}sec. R ftysec. Btu/hr ft.°F Btu Btu Bfu

hr. & °F £t hr £t2 °F hr, £t °F
59 73.p 586 0.168 1.56 8.80 11.80
60 65.8 661 0.168 1.51 6.31 1042
61 82.7 668 0.168 1.60 10.75 12.08
Note  h, is calculated from: W, = .0265 ReX'B p_+3

r
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Porosity = 22.4%

1 mm, with same magnification as the microphotographs

FIGURE 18, POROUS BRONZE PLUG SURFACE
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Porosity = 25.3%

FIGURE 19. POROUS BRONZE PLUG SURFACE
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Porosity = 36.9%

FIGURE 21, POROUS BRONZE PLUG SURFACE
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