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SU}llvrARY 

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 41.4 per cent porosity 

at varying rates into the main stream, whose temperature varied from 

580 to l000°rt and whose velocity ranged from 60 tc llOft./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. 
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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 
for 

up of a mixture of uranium and a moderator, and\/~ther 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 c~oling lilll 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 wil l 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 
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the present methods. 

~·:hen an abject trA.vels at speeds greater than K -. l, the air 

in the shock wave that precedes the abject hecomes partially dissociated 

and ionized. The shock layer, which is the region between the shock front 

and the surface bound·;ry lA.yer, radiA tes heat to the surface. In addition 

to heat transfer to the surface by forced convection and radiation, in 

partially dissociated gas the surface is heated by direct transfer of 

KinetLc Energy as well as by transfer of Potential Energy, which is 

converted to Kinetic Energ,:,r by secondary collision at the surface. At 

hypersonic speed th€ heat transferred to the surface may be sufficient 

to cause evaporation, subl~nation, oxidation, sputtering, secondary elec-

tron emission, or other deleterious surface effects. 

Assuming isentropic compression, wall temperature resulting 

from kinetic heating is given by: 

- ratio of specifie 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 - temperature recovery factor 

- .85 in laminar bound~ry layer 

- .88 to .9 in turbulent region 

(these values are for air only) 
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Figure 1 shows effect of l·l"ach N<m.ber, altitude, and 3urface ernissivity 

on the surface terrtperPl ture. 

To make hypersonic fli t::ht possible, methods to cool and protect 

aircraft and rocket surfa.-::es :r;ust be perfected. There are many possible 

solutior,s t o t!-,e prohlem of kinetic heatine;. The miss ile itself may have 

sufficiently hiô < heat capacity to absorb t he heJ t . The abject may move 

more slowly at loN altitude, where the heat trans fer rate is l!irge because 

of the highcr atmospheric density. The skin of mi ssiles and aircraft can 

be made of materials with very liigh emiss ivity tc radiate a .... -ay the heat. 

The skin may be insulated to reduce heat transfer t o the structural members 

and delay h'gh temperatures in transient heating. The insulation can be 

accorrqll LsJ-,ed by coa ting the surface '.-lit~~ a thin layer of aluminurn oxide. 

The skin can be constructed of a non-structural high nelting outer shell 

with high erlissivity on the outside and low emissivlty on the inside. 

Insulation and a radiation shield is then placed betl .. een the outer shell 

and the inside load-carrying skin. Cooling is achieved by havine; part of 

the surface r!Ielt. The surface may be cooled by circulating a ecalant 

close tc the surface. And finally the kinetic heatine; restriction on 

hyperscmic flight may be removed by transpiration cooling . 

To eliminate the effects of !<inetic heating transpiration 

cooling is th'~ best of the direct cooling methods (see fig. 2). The 

mechapism by which transpiration cooling works is as follows. A fluid 

is forced throue;h a porous material in a direction opposite to the heat 

flo·..,.. As the coolant passes through t he 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 available in the porous 

medium. The ecalant emerges at the exposed surface in small streams from 
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the numerous pores in the material. If the po!'es are very small, the 

stre:j.ms will coalesce alrnost 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. l'he heat transfer to the surface 

is mainly by conduction through the coolant layer. If t his coolant film 

remains continuous f or even a small distance frorr. the surface, almost no 

heat will be conducted to it. This 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 strea:"1 has two effects: 1) it energises the boundary layer and 

thickens it, thus decreasing the velocity and t emperature gradients; 

2) it absorbs t he heat whi ch 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 i njecting the coolant will r esult i n a decr eased heat 

transfer to the surface. The second effect applies to the region very 

clos e to the wall and i s not affected b;y the flow conditions of the main 

strearr1 to any great extent. 

Cooling a surface by bl owing a fluid thro~ it requires a porous 

skin to which the coolant may be l ed through channels. The porous skin 

can be made of sintered stai nless steel, Stellite, Kin10nic, Nowel, bronze, 

Inconel, Haymes Al loy 5, and ether heat r esis t ant 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 th2 melting point. Gra in growth and bondi ng occur where the 

partic l es are s uf fici ently close together , but a net work of f ine channels 
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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 àuring 

sintering, and by mixing with the metal powder non-metallic volatile 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 beat protection required. 

To obtain the best cooljng 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 not as a 

series of discrete jets which mix with the hot gases resulting in the loss 

of the insulating affect. The openings of the pores should be divergent 

outwards. A coating, which will melt at sorne 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 soli d 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 permeabi lity is controlled by a suitable 

choice of the mesh size and wire diameter of tho individual layers. This 

type of porous wall bas 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 cent as much hydrogen or about 40 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 absorbing 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 ~nportant 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 cast 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 thi ckness at the leading edge of the porous plate will be made zero 
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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 s olution to the equation of heat transfer through 

porous wall to calcul~ te the te~perature distribution inside the wall and 

the internal heat transfer coefficient of the porous wall. 1'he calculation 

of the overall thermal conductivity is to be made from the coolant and 

wall temper A-tures and the coolant mass flow. Traverses of the boundary-

-layer velocity and temperature 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 temperatu _; ·e , hot surface temperat ure, 

coolant mass flow, and the coolA.nt 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 1-JORK 

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

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

this field 'tvas carried out by Goddard ( see ref. 29) in 19 JO. He burned a mixture 

of gasoline and oxygen in a 4 inch diameter rocket motor fitted with a 

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

experL~ent lasted only 11 seconds, the feasability of transpiration 

cooling was clearly demonstrated. 

Jakob and Fieldhouse ( see ref. J6 ) experimented 'lvi th water and 

nitrogen as coolants. The hot air was discharged from a chamber through 

a nozzle in a 2 inch wide, ~ inch thick, and 10 inch long, well-insulated 

Transite (asbestos fabricate) channel, in the wall of 1·rrlich a porous brass 

(70% Cu-JO% Zn) disk, 1 inch in diameter and t inch thick, was imbedded. 

Experiments Hith 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 l~re such that the 

boundary layer of the hot air on the test di.ak vias in the turbulent 

range. 1he maximum main stream velocity was 600 ft. / sec., and the 

maximum temperature was 692 °F. The tests showed t hat h, the coefficient 

of heat tr.ansfer 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 f loH of water per unit time, -vrere much larger for the solid plate 

than for t he porous plate if the exposed surface Has to kept at the 
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same temperature, although inlet water temperature for the solid disk 

tests was lower. Much 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 coo1ant used, provided that the surface temperature was the same. 

The mass flows of the different coo1ants were quite different for the 
(see ref. 36) 

same h. JakobYâiso proved by a theoretical derivation that heat trans-

ferred from the hot gas by convection is independant of the kind of 

coo1ant 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-

tian temperature. 

Duncombe (see ref. 15) investigated sweat cooling using a bronze 

filter as the porous medium and air as the coolant. The porous bronze 

was in form of a cy1inder with I.D. - 4 inches and O.D •• 4~ inches. Its 

porosity was 40 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 

0.316lb/sec/in2, coo1ant mass ve1ocity was 0.002lb/sec/in2, and the pressure 

was atmospheric. The hot gas from the combustion chamber was passed 

through an acce1erator and then through the porous cy1inder, 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 f1ows. The temperature of the sweat coo1ed 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 dolinStream. 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 (aee ref. 30) forced cooli ng air through 

Porosint (bronze) disks of five different porosities. Before entering 

the porous medi1~, 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 s pecimen and heater prevented the outside 

air currents from di sturbing the flow of air near the specimen. The 

temperature measurements with a number of ther mocouples at various radii 

on the specimen indicated that at low heat inputs no radial heat flow 

occurred and only at the highest values of heat input was there a slight 

outwar d radial flow of heat. This heat f low dimi ni shed as saon as the 

coolant was introduced. The surface t emperature did not exceed 392°F 

because of severe oxidation of the porous surface at higher temperatures, 

whi ch altered the conducti vity of the material. The cor relation of result s 

obtained in these tests with previously obtained results was unsatisfactory, 

probabl y due to the deformation of the spherical parti cles 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 stream 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 ~ inch thick porous bronze plate, the inside 

face of which had an average surface roughness of 0.0005 inch and an 

emissivity of 54 t 5 per cent up to 350°F. The coolant was introàuced 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 manifold into 

each duct was controlled 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 Lektromesh 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 0.01 inch with maximum suction. For maximum suction it 

was assumed that the boundary layer had zero thickness at the beginning of 

the porous 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 thermocouples imbedded in small 



- 13 -

grooves on the surface of the plate. The grooves were vertical and the 

thermocouple wires were led for sorne 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 constant, 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 constant 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 

experimenta conducted by Brunk. The constant-area channel bad 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 t emperature. 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 diameter and 1~ inches long. The test specimen was 

clamped between two sections of a stainless-steel holder, and ther.mally 

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 !lame 

with a maximum temperature of 4200°F and a max:i.mum velocity of .300ft/sec.; 

2) gasoline-air flaw,e wit h 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 recoràed as a function of coolant 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 temperat ure 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 temperat ur e was dependent on the nature of the coolant. 

The flow rate of Nitrogen was found t o be five times that of Hydrogen. The 

nature of porous material had sorne 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 high(~r than that 

of nickel or stainless steel. In the gasoline-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 requir.ed to 

keep the surface temperatu~"e 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 a 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 1s theo~Following 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 :i.eynolds Number; 3) The isothermal 

laminar boundary layer on a flat plate could be stabilized to a indefinitely 

high Heynolds Nurnber if suction corresponding to (- Va) = 10-4 was applied 
u, 

( v0 = coolant injection velocity, U1 = main-stream velocity). ·rhis was in good 

agreement >rith the predictions of laminar boundary-layer stability theory of 

Libby, Lew, and Ilomano ( see ref. 72); 4) 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. 

Iiickley, H.oss, Squyers, and Stewart (see ref. 46) conducted an 

experimental and theoretical study of the effect on the boundary layer of 

suckin?; or blo-vJing air throup.:h a porous wall into or out of a main air stream 

floc-ling 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 flmv with the 

mass transfer rate vary-ing as 1//X ( 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. 2or the experiments the test duct, 

9 inches long, 13.5 inches ~ride, and 144 inches long, was supplied with air 

through a convergent nozzle. Dmnediately upstreilln of the test section, 

suction pannels in the walls removed the initial boundary layer to give the 

effect of a sharp leading edge. Small suction pannels in the bottom wall 

also 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 hy four screw 

jacks. This modification was made to provide a 1miform velocity along the 
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lengh of the turu1el. The test section was made of 8~esh Jelliff Lektromesh 

screen 0.004 inch thick. 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 te5t 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 i~sulated 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 rr:ounted behind the side suction screens. 

In the above experiment, the measurements of velocity and tem

perature profiles and of friction and heat transfer coeffic ients 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 ta 0.26ft/sec, and included constant axial mass transfer velocity, and 

~ and;.~ distributions. The boundary layer velocities were measured by 

pitot probes made from 0.019 inch outside diameter hypodermic needle. The 

temperatm·e 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 àecreased the boundary -layer thi ckness, 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 r esults were 

observed when blowing occurred. The measured turbulent velocity and 

temperature boundary-layer profiles were slinilar when constant mass transfer 
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ra te v.ras used or l--J~en i t varieci as -l.... • x· .. 

The experinents of ; :ickley et al ( see r e f. J.~.f:) did not simula t e 

the assumptions useci in developin;r the t heory of heat transfer t hrough a 

boundary layer on a flat plate ,,Jith injection, since t he 11coolant 11 l'laS 

heated and blo~n throuzh the porous wall into a cooler nain stream. After 

comple tinc t he experiment, the a uthors f ound tha t the Hoven Fibe r glass-Nichrome 

wire heater cloth, attached directly to the back side of the porous t es t 

wall, became separated from the test wall while the tunnel 1r1as be ing rnoved. 

1\.lthough the •mll 1-oas only O. 04 inch tlück and the a ir space be t ween t he 

heater cloth and the test tvall was less than 0. 03 inch, sufficient longitudinal 

flow behind the porous wall invalidated the test results obtained after 

t he t unne l was moved . 

Locke ( s ee r ef. 43 ) investigated heat t ransf er and flow fr i cti on 

characteristic s of porous s olids . >-re carried out t ests wi th a range of neynolds 

;Jwnbe r s f rom 32 to 600. The t rans ition re gi on started at a B.eynolds Number 

of 1200 . 

Green ( s ee r ef. 26) investigated heat transfer in porous media. A 

hollo~>r porous graphite cylinder was heat ed to i nc andescence by the passa ge 

of direct current, and cold nitrogen enter ed at one end and f l orred r adially 

inward t hrough the s pec imen . Norton et al (s ee r ef. 50) measured t he thermal 

conduct ivity of porous refract r y materials . I t was found that t he conduc tivity 

of Al umina decreaseà linearl y 1rit h porosity. 

Schneider ( see r ef. 57 ), Gr een and Lemlce ( see ref . 28) , V'Je inbaum 

and '•lheeler ( see r ef. 61 ) , and t}rootenhuis ( see r ef. 29) s olved t he equation 

f or t he heat t r ans f er through a porous wall with a fluid flowing in a 

dir ection oppos ite t o that of the dir ection of heat flm..J. Ness ( see r ef . h8 ) 

pr oposed e quation s for the t emperature dis t ribution along a semi -inf inite 
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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. 64), 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 the equations governing flow of fluids through 

porous media. 
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THEORETICAL CONSIDERATIONS 

Eguation 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. 

or 

where 

From (1): 

and 

Writing a heat balance on element dx: 

JZ.'t Heat conducted along the matrix per unit area • k~ ~L 
eiX 

Heat absorbed by the coolant per unit area = h'(-t-T)=GcCp ~ 

• • • (1) 

ks = 
h' = 

Cf = 

Ge. • 

t = 
T -

thermal conductivity of the porous matrix 

internal heat transfer coefficient per unit 
volume of porous material 

specifie heat of coolant 

mass flow per unit frontal area 

wall temperature 

coolant temperature 

t -= T + GcCe dT 
~· dx 

G-cCe cFT t d~T - Ge Cr 41 = 0 
h1 dx3 Q xl. ks dx-

••• (la) 

dividing by Ge: Cr we obtain 

"'' d 3T h' de.T h' cfT :: Q ••• (2) 
-+ d x3- Ge. Cf dxt l<~ d ;c 



The solution to (2) is given by: 
(8- djx 

T., e, + cl e e + 

and combining (3) and (la) 
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c, t! 
tf' -(8 -r 2. )X 

••• (3) 

t ~Ct -t- (~ t; )c~ e(e-1Jx + (f- ,f ) C.3e-(t8'f~jx··· (4) 

or 

T= 
• • • (3a) 

and ••• (4a) 

where A - JL 
Ge. Cf 

B -..;.b.' +{!1)~ 
ks ~ 

Ll. = (8- A 1 
~ 1 

13 = -(13+:) 
M = (t'* ~) 
N = ci- :) 

The boundary conditi ons are as follows: 

at x • 0, t • to, and T • Tc 

x a 1, t • t s, anù T • Ts 

Although ts and Ts are treated as different quantiti es, 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 t he 

coolant t emperature. 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 s urface both of the above condi t i ons must be sat isfied. Therefore, 

at the hot surface t s • Ts. 

Applying the boundary condi tions to (4a) 

at ••• (5) 
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at x - l, ts • C1 + • • • (6) 

From (1): 

••• (lb) 

Differentiating {4a) twice 

t. l...l..X L z. L3)( 
L'- M C2. e i- 3 N C3 e 

Substituting into (lb) and rearranging 

T :::::. 

where 

Introducing the boundQry condition at x = l we have 

Ts = 1 ~)La.( . 1 2.) /...3( c, ~ Mc'- L 1 - 1< L c!. e + N C3 ( 1- k L, e 

Now (5), (6), and (7) must be solved for C1 , C~, and C3 ••• (7) 

From (5): 

••• (5a) 

Substituting the above into (6) 

or 

( Lif ) L3f ) ts-: to + M Ca , e - 1 + N C 3 ( e - f 
••• (8) 

Substituting for C1 in (7) 

or 

( 
1 z.j L l ( ( 1 Z.) L 3 ,f Ts== "fo - !VlCz - f{C3 + IVICi.' t - k L-z e + NC3 t,k L3 e 

T.s-::. -to oo~- MC~ [(1-k rL~ )eL2..f_1) + N CJ{( ;-k..'L:)e. '- 3 ~ t ) 

••• (9) 
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Solving (9) for C 2._ 

ct. = Ts - l:o - Nc 3[ ( J- k 1 L~t)eL 3 f-l] 
fY([(I-k'L\)eLz.(_l] 

Substituting C 2. into (8) 

••• (10) 

ts = tc>+l'<'\/ïs -:o -NC,[(t-k1 L{)eL!.f_I] L(eL~! t ) NC ( c-, f) r fv1LC!-k'Li ) ~L~f_ f J J + 3 e -f 

and therefore C3 is given by 

or 

c. 't s - to - (Ts -'t.o)X 
3: y 

••• (11) 

Substituting for C 3 in (10) gives 

~~ - 1 0 - N C i s -~ o - c' $-i_;,) X [ C J - k' L ~ ) e u { 1 J 

M [ ( 1 - k.1 L ~ ) e L ~ f- 1 J 

and from (5a) C 1 is determined. • •• (12) 

Thus applying the experimentally obtained values to equations 

for C 
1

, Ct' and Cl , the t emperature distributions of the cool ant or the 

wall may be obtai ned from equations (Ja) and (4&). 
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If the assumption is made that the matrix and the coolant 

temperatures are the s&ne, (l) becontes a second order differentiai equation. 

The solution to this simplified equation is: 

ls (e-~x_ e -bi)+ Tc ( 1- e- bx) 

1 -hJl - e 
T = 

where b = 

The overal thermal conductivity of the matrix and the coolant in 

it is defined as: 

where 

where 

where 

k...._= Ge. Cp ( Ts -Tc) 1 
(_'-ts - to) 

1 • width of tte porous wall 

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

Re = Gee/ 

/Af 
and Nu' -

J., l cl '
b(f-f)k 

d = particle size or pore diameter 

f = porosity 

fl = dynamic viscositJ of coolant 

k = thermal conductivity of coolant 

The cooling efficiency is expressed as: 

T, - t .s 
T, -Tc 

T1 • hot gas temperature 

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

When laminar flow occlJrs 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 la.minar 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 tl1an calculated by the 

laminar boundary-layer theory. Also, since the isolating effect of the 

coolant film is better in the case of a l~uinar 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 larninar. 

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

4. The ccolant injection starts at the conmencement of boundary
layer growth. 

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

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

7. The cooled surfa.ce is at a uniform temperature. 

8. No 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 proporti onal to thG square root of the 
temperature. 

11. 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 gradi ent exists across the boundary layer. 

The equation of motion in the boundary layer of a flat plate 

in steady compressible flow is given by: 

••• (a) 

where the x-axis and t he 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: 

••• (b) 

The equation expressi ng the energy bal ance between the heat 

produced by viscous dissipation and the heat transferred by conduction 

and convection is given by: 

where k = conductivity of the fluid 

Applying boundary conditions and solvi ng equations (a) and (c), 

the r elationship between T and U is obtained 

where 

T 
T, 

U : the velocity outside the boundary layer 

T~= temperature of t he plate surface 

T1= t t>mperatur e of t he mai n stream 

••• (d) 
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For zero pressure gradient, the perfect gas equation of state gives: 

:: 
••• (e) 

The viscosity variation witli temperature is given by 

••• (f) 

Integrating the equation of motion between the limits y = 0 

and y .cf, and using the equation of continuity and the following boundary 

conditions: 

U=O v::/....~ 
) 

L( ~ U, J u .. if { d) 
we obtain 

J d d4 J t x 1 f'(! ci 'r u, if. P uri 5 ~ f, v. u, 0 (r d :r J" 
••• (g) 

where J' e boundary layer thickness 

v .. = coolant injection velocity 

= density of the coolant 

The velocity profile is: 

where ~ = ] 
••• (h) 

with the following boundary conditions: 

U :: d : LI :: U, ) d ~ (..{ 2. :: Ü d 1...\ -:. Q 
~ d ~ ) ~~ 

q = 0 : u"' 0 1 i.F-;; lf"o , p .. l/0 ( Oi..l)-= / fs{ d:L~) +~)[dL{) 
_J d~ -' 0 j !J ~LJ J dj S 
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The c ·nstar· t s a , b , c, a nd ri a·;;: g::_,,en hy : 

Q -=o 
a b-=- 6:A c ,._ 2. -+ 8t1 d:: 1 +3,-\ 

1+..1 1 -rA 1 + ,.1 1+--1 

f-." v .. J ~~ ,. ~ fu (- J l. "- r Ye. ~ lVI for~ 
-Tf 

/~ ., Il. 2. 
~ = and 1:4 whe?'8 o/(s Tt- "' 11-r ~ 1 U M 

1 
f or /A~"-' ~· ) -- i Yl r 

~ T 2 • • • l 

l'!rl:. 7 '/Ts 
The veloc it;' è is '. r i but ion is ~h <!n t i ven by : 

••• (j) 

and th:; dens :i ty -'lr:d viscosit,y by : 

• • • (k ) 

and : 

. • . ( l) 

where 
1 3 

11 = 2: or 4 

':::q;Jations ( j) , (k) , a nd (l) are substituted int :_, ~,h8 f irst. two 

t•.;c d i fferer,ti· :t i_c.ns is substituteè b<1ck int.o equaticn (g) , 1.-.rh:ich is then 

o f j_ntee,ration is sc.lv·:.d fr nn1 th.; h oundary cor>dit ions . This equation 

f ives an expression for the non- dimensi .. nal l ength 

rnain-s trea:r. Lach Kunber . This equati.:m :Ls nd vai.id f o r E = 0 , and the 

equa.tion is modifieè. to a: ,:rl:' for this condition . Thes e solu:,ions are 

r Liren by Yuan (sen r ef . 69 ) . Graphical r epresent a ti0n of the s e solutions 

is t~ L1ren in Fir;u ~es Jl . t c 39 . Figures Jh and 35 s how t he {;rowth in the 

boundary-laye~n tèLie!<.:ness wi th inc.cea se of Each i~wnber and the ratio 

of t he r::Ftin- s Lream temper .s.ture to t!-J~ wal1 "::empe:rA.ture . The comp:ressibilit y 

eff ect inc:reases t he f' eat. t :ra ns f e r throar;L the wall , and t he amount of heat 



- 29 -

produced in the boundary layer increases with speed. Therefore the increase 

of Mach Number or the temperature ratio have the same effect on the boundary-

layer thickness. 

Figures 36 and 37 show velocity profiles plotted against y(Vo/ V, ) 

and ~ U•/v, respectively for various nondimens i onal lengths, J , and Hach 

Numbers. 

Figures 38 and 39 show the temperature distribution plotted against 

~ u,;v, for different Nach Number and ratios of Vo/u,. The t emperature 

gradient at the wall increases with ~~ach Number, and decreases with increasing 

v.; u, • This indicates that the heat transfer through the wall increases 

with the increase in the com) r essibility effect and decreases as the inj ection 

rate increases. 

The velocity and temperature profiles for heat transfer through 

a laminar boundary layer may be obtai ned more readi ly by n~king the following 

simplifying assumptions: 1) no axial pressure gradient; 2) no variati on in 

fluid properties; 3) Vo o<.. J- . 

and 

The 

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

dL( + ~V :;; 0 
~)C d j 

udT tvhl:..!s_ 
àx ~~ Cff 

boundary condi t i ons are: 

u: o, 
U :=. U , 

V~ Vo (X) 

) =- Ojl:: T, 
c)~ 

• • • ( I) 

••• (II) 

... (III) 

• • • (IV) 
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If the following substitutions are made: 

• • • (V) 

where ~ is the stream function 

the momentum equation becomes: 

f "' + f 11 

= 0 
••• (VI) 

with the boundary conditions: 

11 :: 0 : f 1 ( 0) -:: 0 ) 

Zf:ob.' f'(O<J)=2J .f-"(oo)=:-0 
• • • (VII) 

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

injection velocity is given by: 

Vo :: 
c u, 
21 Ï!·=><j 
~ 

••• (VIII) 

The velocity and temperature profiles are obtained by genera-

lizli1g equations (I), (II), and (III) and solving the resulting equation. 

For this purpose dimensionless profile moduli, 

T.s-T 
T, -T1 

anè. dimensionless fluid property groups , 

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

+ v 
• • • (X) 

If wall temperature, Ts, and the main-stream temperature are 

independant of x (X) becomes: 

••• (XI) 

with follo~~ng boundary conditions: 

~=0 1 fd=O 

1::: 00 ) ~::: 1 J Id/= 0 

• • • (XII) 

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

If values of f(~ ) are available ~( ~ ) may be fŒIIlld by direct 

f3 '( 1) = ~~( o) [ex(' (-Z J. ·~d 1)] 
integration: 

••• (XIII) 

11 ~ 
f3{ !If J ~ t3 '( o;Jre x p (- z f. fd 1) }ci 1 

••• (XIV) 

and with the boundary condition that pC oo) = 1 

• • • (XV) 

Nickley et a l (see r ef. 46) used values of f(~) given by 

Schlichting to give numerical solutions to equations (XIII), (XIV), and 

(XV). Figure 40 shows representative profiles, p , obtained by thi s method. 
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Pressure Drop Across Porous Walls 

The equation of flow of homogenous incompressible fluids through 

porous media is developed as follows: 

Porosity, f - volume of voids - Ae --total volume A 

where A total cross-sectional area 

Ae • effective cross-secti<_,nal a rea of the voids 

The effective axial velocity component in the voids is: 

where 

Ue = .fL = _g 1 
Ae A f 

Um 
f 

Q = volumetrie flow 

Um = mean approach velocity 

Because of twisting of the passages in the porous material, the 

effective length le of a channel will be greater than the height of the 

porous bed,l. The effective mean value of the absolute fluid velocity is: 

V'-' :z u~ ~ : 
1 

From the Hagen-Poiseuille Law for viscous flow in pipes, the 

pressure drop across a porous bed is: 

A?:: 

where rn ,.. hydraulic radius of void passages 

Ko- constant 

Comparing the above with 

it is seen that: 

4m = D 

and Ko = 2 

(Hagen~·Poiseuille Law) 

(pipe diameter) 

(this val11e applies strictly to passages 
of circular cross-section only) 
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The hydraulic radius of the voi ds is: 

rn= flow area = volume of fluid in the bed 
wetted perimeter wetted surface 

- f ~ 1 - _f_ 
wetted surface s 

where 5 = wetted surface per unit volmne of porous material 

After substitution into (1) we have: 

4_p: ko ;
3
l. ( ;~) ~ UM 1 

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

where k. = Ko ( h)?. -= 5 
l 

(see ref. 7). 

For consolidated porous media the Carrnan-Kozeny equation does 

not agree well with experimental results, because of the i naccuracy 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: 

La.minar flow 

Turbulent flow 

(see r ef. 33) 

where d - characteristic particle diameter 

K .. experirnentally determined constant 



with 

and 

where 
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2. Beldecos Equation: 

.::,.p = 2.F"Gl 'A \1-f)~ 
djf-fl 

F = lOO (<:!_5, r 1 

,.M 

~p = 

A 
A = • 205 v f "IJ 

2 F G l. 1 A,, 1 
( 1- f) 

d_gf·P 

= shape factor 

A = surface area of particle, ft~ 

G - mas s velocity 

V - volume of particle 

The permeability of a porous medium is given by: 

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-stre~~ 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 ccid side temperatures 

of the porous wall and the coolant aEd 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 thenno

couples were used in travers i ng 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 lt 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 Naxon Filotpak 

burner nozzle. A bundle of smal l stainless s teel tubes, acting as flow 

straightencrs, was l ocated in the 8 inch I .D. duct l eading the hot air from 
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the combustion chamber to the test section. A Honeywel l Combustion Control 

was used to insul'e safe operation of t he 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 41.4 per cent porosity. It was 

manufactured from 90 per cent Copper, 10 per cent Tin powder of 60 to 80 

mesh size. Four thermocouples we C"e imbedded in the coolant -duct-side 

surface of the porous wall at l, 4, 7, and 9 inches from the leading edge 

and at about the main height of the test wall. The t hermocouples were 

placed in ~ long vertical grooves. The thermocouple wires were led along 

the grooves to reduce errors due t o conduction on the plate surface. Four 

thermocouples were placed in small vertical holes in t he test wall at 

varying distances from the hot surface. These t hermocouples were intended 

to measure the t emper ature distribution in the wall. 

The inside surfaces of the test duct were made of very highly 

polished stainless steel in arder to reduce the heat transfer to the test 

wall by radi ation. 

A shielded thermocouple, which could be moved in t he vertical 

direction by a traversing gear, was located at the entrance to the test 

section. Just above t he Pyrex window, at distances of 0.09, 1.1, 4.05, 

9.0 and 12.05 inches from the leading edge of t he test wall, were located 

five pitot-thermocouple probes, whi ch were used to traverse t he boundary

layer profiles at mid-height of the test duct and in a direction perpen

dicular to the test wall. The location of the second, third, and f ourth 

probes corresponded to that of t he ther1nocouples on t he coolant-s ide of 

the t est wall. The pi tot pr obe 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 measured by an Ames Di al Gauge. 

The coolant duct, whi ch was divided into 2, 4, and 6 inch long 

compartments, covered the cold side of th:; test specimen. 7he coolant 

duct was dividehd 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 llO psig from the laboratory high pressure 

air eupply system. The air was passed t hrough a Micro-Klean Air Line Filter 

so that even the Inicroscopic 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 a 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. 

Each coolant compartment had a thermocouple at its centre to measure the 

coolant inlet temperature. 

All the thermocouples were connected to a self-balancing Honeywell 

Brown Electronic Potentiometer. The hot surface t emperature of t he test 

wall was measured by a Siemens Ardonox Radiation Pyrometer, wtich was mounted 

in such a way that it could be moved parallel to the test wall. The 

radiation energy from the t est wall was focussed by a mirror on a 23-element 

thermopile. The output from t hi s 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 r elationship 

between the galvanometer r eading and the surface t emperatur e. 

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

See also Figur es 5 to 16 . 
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Pressure Drop Test Rig 

This rig consisted of a 6 inch I.D., 24 inches long settling 

chamber, to which a brass belln1outh was attached.(see fig. 17). The test 

plugs were inserted into the bellmouth and the static pressure taps on bath 

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 O.D., ~ inch thick porous bronze (90 per cent Copper, 

9~ per cent Tin, and ~ per cent Carbon) plugs of about 20, 25, 30, 35, 40, 

anà 45 per cent porosities were used. Figures 18 to 23 show t he microphoto

graphs of these specimens. The manufacturer of these plugs experienced a 

great deal of difficulty in obtaining the required porosity range. To 

achieve this,non-spherical grain powder was used and the plugs were pressed 

after sintering. 
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EXPERTI{~NTAL PROCEDURE 

Heat Transfer Tests 

Series of tests were carried out at 4 main air mass flows, 4 

test duct temperatures, 3 coolant mass flows, and 2 traverse probe planes. 

Beca.use of the time required to transfer the trave csing mechanism from one 

pitot probe to the other, the tests in the two traverse probe planes were 

ca-rried out separately. The tests were carr ied out first with boundary 

layer traversing at the location corresponding to the centre of the second 

coolant duct compartment, and thcn at the location corresponding to the 

centre of the t hird coolant cornpartment, i.e. at 4.0625 and 9 inches from 

the leading edge of the porous plate respectively. 

After the rig was warmed up and thG test srecimen temperature 

remained constant for ahout 5 to 10 minutes, the first pitot probe was 

used to check whether the boundary layer thi ckness at the leading edge 

of the test wall was zero. Since the capacity of the suction fan was 

high, one suction line valve setting was adequate for all tests . A check 

of the ter.:peratu ·e distribution alan[ the plate was made with the Ardor"ox. 

Then the t emper a tt<res, pressur es, and orifice pressure drops were 

recorded. At t he end of eacr test ti:.e traversing by the pitot-thermocouple 

probe was conducted. 

The coolant injection velocity along the plate was made to vary 

as the inverse of the square root of tLe dis tance along the wal l or v.: ./F . 
This was tc insure a fairly constant porous wall temperature on the duct 

side . The t ests werE ca.rried out at values of K equal to 0.1378, 0.320, 

anè C.472 . The highest value of K corresponded t o the hjghest mass flow 

available fro~t U,e high pressure air supJ•ly. 
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The tests were conducted at combustion chamber outlet temper

atures of about 90, 21C, 300, and 390°F. One run was conducted at h80 .. F 

and one at 560°F. The ma i n-stream velocity ranged from 58 ft-/sec. to llO ft-/sec. 

Pressure Drop Tests 

The porosity of th :: plugs was determined by measurernent of their 

volume and weight. The same procedure wo.s followed with the porous wall 

used in the heat transfer tests. ~icrophotographs of the surface of the 

plugs were made for the determination of the pore areas and the wetted 

surfAces. Since 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 chernicals. 

The test samples were glued with epoJ-:y resin into small sleeves, 

which held the plugs in place in the bellrnouth. Before testing, all 

specirnents were washed in alcohol. 

The pressure drop test consisted of recording pressures on each 

side of the test plug, held in the bellmouth, for different air mass flows. 
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DISCUSSION OF EXPERINENTAL RESULTS 

Heat Transfer through Porous Wall 

The tests were conducted at coolant injection velocities of 

o.237, 0.551, and 0.812 ft(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 llO ft-/sec., and the main stream Reynolàs 

Number, based on the hydraulic radius, ranged from 40,000 to 90,000. The 

c. 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 colà 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', whj_ch was the only unknown in tha t equation. Because 

of the complexity of the equation, the computer would stop if the first 

guessed h' was not 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 

Bendi.x 500 computer which was used in the calculations. Since the available 

computer time was limi ted, h' was calculated for a few test runs only. 

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

is given by: 

where 

spheres. 

6(1-f) 
d 

Nu' = h'd1. 
6 [(1-f)k] 

representa the surface area per unit volume for a bed of 
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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 rnaterial, but it is used for lack of a better one. The 

particle diameter used in these calculations was calcula ted from the 

average mesh size of the particles used in the fabrication of the porous 

wall. The value for d was calculated to be 0.00143 inch. 

The Nusselt Number was plotted against the Reynolds Number, which 

was given by ~c1 . 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 sorne previous experimental results (see ref. 29) a re also given on this 

graph. The points from this experirnent lie close to the correlation line, 

but are somewhat removed from the previous experimental points. Since in 

the calculation of Nu 1 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; 
5 5 5 

the values of h 1 were about 1.6 x 10 , 3.0 x 10 , and 4.4 x 10 Btu/hr. 

~ 3 
ft . °F/ft . r espectively. The values of h' are given in Appendix 3. The few 

values of h' obtainedindicate that h' inc~eases with main-stream velocity, 

but i s insensitive to t he 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(sec. 

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 83ft/sec. The resulting values of h' are 
$ S' 0 3 

2.4 x 10 and 3.1 x 10 Btu/h~ ft.F/ft.respectively. 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 C3 are 

calculated by the computer, various values ofx, the distancesfrom the cold 

surface of the porous wall, are substituted into equation 4a 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 sicte the 

temperature decrease is SPtaller. Figure 25 also shows t he 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 halee 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 temperatur e 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 injecti on ve l oci ties. Figure 29 is f or the firs t traverse station, 

and Figure 30 is for the second traverse station. Cooling efficiency, ?( , 

is defined as the ratio of t he terr~erature 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 

the coolant at inlet. The mass flow ratio is given by f• UVo, where j)o 
f· 1 

and, Yo , and p, , and U l= are the density and velocity of the coolant 

and main stream respectively. Tl1e injection velocity is calculated from 

Vo ;: ..K._ , where z:. is the distance from the leading edge of the porous 
fi 

plate, and the values of K are 0.1378, 0.320, and 0.472. 'l'he higher the 

mass flow ratio, the closer will the wall surface temperature approach the 

coolant temperature, and t he higher will be the cooling effieiency. 

Neglecting the experimental scatter of points, correlation lines 

are drawn on Figures 29 and JO. 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 flo.,.r r atio hie;her coolir.Lt; effic: l ency i s 

obtained at the do1tnstream stati on. 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 obtained at the first traverse 

station is 83 per cent for a mass flow rat io of 0.014, 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 point s from runs with high mai n-stream velocity lie slightly 

below those with lo1.v main-stream velocity. 

Figure 31 shows the combined t hermal conductivity of t he porous 

matrix and the coolant plotted against the mass flow ratio (equation for k~ 
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is given on page 24). The results from runs with the sa:n.e velocity of 

injection lie on lines of constant combined thermal conductivity, k~. 

Figure 31 indicates that for a constant velocity of injection k~is 

independent of the n,ass 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 Vo of 0.168, 

0.237, 0.390, 0.551, and 0. .812 ft/sec.,k"" was 1.5, 3.0, 3.3, 5.5, and 8.0 

Btu/hr. ft~F. Appendix 3 gives values of k.., for all runs. 

Heat Transfer Through Boundary Layer 

1\fith coolant injection the trausition to turbulent flow occurs 

at very lmv Reynold.s Number, therefore, all tests conducted in this 

experiment were in the turbulent range. The injection velocity was varied 

1 approximately as -- , to provide a fairly constant test wall surface rx 
temperature. :·Jhen the porous wall surface temper·ature was measured by the 

Ardonox, it was found that the wall temperature near the leading edge was 

higher than in the middle section. But in the part 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 

mai ntained fair ly accurately. 0ince the texture of the porcus s2ab was very 

fine, the injected fluid came into the mainstream in very small streams. 

The film heat transfer coefficient is calculated from the follo~Ning 

equation: 

h = c.v Cp (i- s -Tc.) 
( T 1 - "'t s ) 
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where w - coolant r.1ass flovr 

C.p - specifie heat of .::oolant inside the porous wall 

ts = hot porous wall surface temperature 

Tc = cool~nt inlet temperature 

T
1 

= main stream temperature 

Thus from the measured values of the coolant mass flow and the surface, 

main-stream, anè. coolant inlet temperatures the film beat transfer coeffi-

cient for al]. test runs is calculated . 

Appendix 3 gives the film heat transfer coefficient on the hot 

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

film heat transfer coefficient, he, for a solid plate calculated from the 
.s .3 

Dittus and Boelter's equation, Nu- .0265 Rex Pr , given in the Introduction 

to the Transfer of Heat and Hass, by Eckert. The Reynolds Number in this 

equation is based on the distance from the leading edge of the plate. The 

effectiveness of coolant injection in r educing t he film heat transfer 

coefficient is evident. The value of the fiLm heat transfer coefficient 

is reduced by coolant injection at first traverse station by at least 10 per 

cent at very low injections velocities, a nd up to 80 per cent at the highest 

injection velocity. At th~ second traver se stat i on values of h f or three runs 

were about the same as he• This was probably dt.e t o experimental inaccuracy. 

The experimental results show that the film heat tra nsfer coefficient, h, 

increases with the main-stream velocity and decreases with the main-stream 

temperature. In runs 3, 4, and 5, T1 andV0 are the same, and the main-

stream velocities are 59.3, 66 .5, and 70.2 ftisec. The calculated values 

1.. 1 '0 ofn for these runs are 5. 8, 7.9, and 9. 8 Btu hr. ft. F respectively. 

Simila r increa se in h with an i ncrease i n U1 can be seen in other runs with 

same main-stream temperature and injecti on velocity. Runs 6, 10, and 12 

0 

have the same U 1 and Vo, but T1 values of 594, 665, and 748 R. The v;:, lues 
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of h for these runs are 12, 11, and 9 Btu/h~ f~°F respectively. Thus 

the results prove that h increases with U1 and decreases with T1 • 

Figure 33 shows h plotted against the mass flow r atio. The 

points with the same injection velocities are joined by curves. The 

curves at low mass flow ratios are almost vertical, while those at hi gher 

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 Re~ on logarithmic scale. But the points showed no definite 

correlation, even when points with the same mass flow ratio were selected. 

The plot of1, cooling efficiency, versus the product of the 

square of the mass flow rati o and the Reynolds Number i s shown in Figure 41. 

A theoretical curve, based on an equation derived by Grootenhuis (see ref. 29), 

is shown on t he same graph. The experimental points show a great amount 

of scatter and lie considerabl y below the theoretical curve. Experimental 

results obtained by other researchers (Friedman, Jakob, and Fieldhouse, 

Duwez and Wheeler) show a SLmilar deviation from the theoretical curve 

(see ref. 29). Since t he t heoretical curve was derived with the assumption 

that there is no heat transferred by radiation and t hat t he Prandtl Number 

equals unity, the experimental points should lie below it. For the same 

injection veloci ty and mainst ream temperature the experimental poi nts (in 

Figure 4l ) correspondi ng to runs with low mainstream velocity l i e below 

the points with higher main-stream velocity. This i s because (T1 - T~) ~ 

constant, and with high U1 the film heat t ransfer coeffi cient is higher. 

Ther efore the surface t emperature t s is higher, (T - t s ) i s smaller, and 

is smaller. 
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Figures 42 to 44 show velocity profiles(~,) plotted versus a 

non-dimensional distance .:1/J- , where ::Y is the momentum thickness and is 

given by: co 
~ ::- ( ~ ( 1 - ~)cl !:1 

,Jo u, U, 

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

pitot-thermocouple 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 45 to 54 show ~~ plotted versus a non-dimensional distance, 

• The profiles for ths runs with the same injection velocities 

are similar, but the profiles for runs with higher U1 are steeper. When 

comparing the velocity profiles for runs with different injection velocities 

it is evident that the higher the injection velocity the steeper is the 

profile. The theoretical curves for laminar bound;::.ry-layer velocity profiles 

(see fig. 40) are shifted to the right when coolant injection is present. 

The experimental profiles are for a turbulent boundary layer, but they 

exhibit a sli1ilar behaviour. 

Figure 46 shows velocity profiles at the two traverse stations ob-

tained :from runs with same conditions (i.e. same T
1

, u1, and y .. =.,& 
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 1/3 show temperature (T--t 5 ) profiles plotted 
T.-t<, 

versus a non-dimensional distance ~;-Y~ • 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 is increased. This 
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in qualitative agreement with Figure 40. The temperature profiles were 

plotted on logarithrnic paper tc 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 tc be 22.4, 25.3, 

30.9, 36.9, and 40.8 per centrespectively. One plug was not t ested because 

its surface was covered by epoxy resin, which plugged the pore openings. 

Figures 65 tc 69 show the pressure drop across the plug plotted against air 

mass flow. Except at low mass flows t ht=: gr a!Jhs show a straight line relation

süp between the pressure drop and the mass flow. 'l'his proves that the 

Carman-Kozeny equation is correct, since for any one plug it may be written 

as: 

and 

4 p ... (constant)~ u~ 1 

= (constant ) L.l "'-1 

is proportional to the raass flow. 
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CONCLUSIONS 

The effect of air injection on the heat transfer through the 

porous br..onze 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 

S' 
o.237, 0.551, and 0.812 f~/sec; h' was calculated to be about 1.6 x 10 , 

S' 5" 1..o ~ 
3.0 x 10 , and 4.4 x 10 Btu/hr. ft. F/ft.respectively. 

The cooling efficiency was found to be proportional to the mass 

flow ratio in the range of mass flow ratios from 0.004 to .014. 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 f~/sec; k~was calculated to be 1.5, 3.0, 3.3, 5.5, and 

8.0 Btu/h~ ft\~F. 

The film heat transfer coefficient, h, was found to vary directly 

with the mainstream V6locity, and inversely with the main-stream temperature. 

Coolant injection into a turbulent boundary layer increased the 

boundary- layer thickness and flattened the velocity and temperatur e 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 DESCRIPTIGN OF THE HEAT TRAESFER RIG 

Air Supply 

The main air was supplied by a Sturtevant Centrifugai Compresser, 

which was driven by a 10 HP, 3500 ~n, 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 pnt. It e.xhausted 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 22 v, 60 cycle, 

24 watt Modutrol motor. The motor was supplied by ll5v a.c. current fed 

through a 60 cycle ll5v to 25 v Hamn,ond 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 just before the orifice and 

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. Îhe 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 read on bourdon-type pressure gauges 

with ranges of 0 to 30 and 0 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 llO psig from the Laboratory 

high pressure air supply. The 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 designed for this rig, the use of the Cuno 

Filter was decided upon because of its ability to remove from the air 

microscopie 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 coolant 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 coolant 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 to 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 ths three functioning orifices by three 

0 to 60 ~ig 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 ~ inch by ~ inch propane regulator. 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 oi'f 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 t he combustion chamber by way of a safety 

shut-off valve.(see Fig. 7). All the control devicàs, except the first 

regulator and the shut-off cock, were located on the instrument pannel. The 

orifice pressure drop was measured on a water-filled glass-tube manometer. 

Propane pressure was measured before the orifice and after the second 

regulator by 0 to 200 psig and 0 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 8 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 

ether 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 :r.Laxon mixing tube entered the ~Iaxon 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 t hroat 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 t he combustion chamber . The burner 

nozzle had an out let of the pilot line, a spark plug, and a f lame rod 

(see fig. 8). ;i.he insulated electrical lines from the spark plug and the 
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flrt.me rod vtere led out through two ho les in the flange. The voltae;e in 

the Gpark plug line was boosted b:.· a llO v to lOOOv transformer. 

The com'uu.::tLn equipment was c. ,ntrolled b.:' a Hor,eywell R 485A 

Combustion Control. This control equipment was connected to the llOv ac 

supply, start-stop push button switch, solenoid valve, mercury switch 

safety shut-off valve, spark plug transformer, and the fhrne rod. The 

mercury switch was installed at the main fan exit A.nè. wr:1.s intended to break 

the electrical current to th ·~ control equipment as soon as the main air fan 

failed and the air delivery pressure fell. Unfortunately, thls type of switch 

did not funct:i.on rror•erly and another, more sensitive one, was not available. 

':Jhen th8 i gnition button was pressed, thP Combustion Control opened the 

solenoid valve in the pilot line and injected sorne propane into the burner 

nozzle. At the· same tirrle the spark plug -.vas actuated and tl:us the pilot 

flame was established. If the flame è.id not light up and the flar!le rod was 

flOt enveloped b.)' a flame, ·..vhich completed the flame rod 1 s circuit, the 

solenoid valve would be shut off. If the flame held, the air was tben 

introduced slowly and the propane safety s hut-off valve opened, and the 

combustion cr,rt.r·~ber wa s in operation. 

At the exit froPC tbe combu5tion section there was a J6 inch long 

stainless steel duct. The entrance of this duct was filled with 8 inches 

lone;, ~ inch in diarneter stainless steel tubes, wh ich acted as flow 

straighteners. The pressüre drop frorr: the mixing tube t o the combus tion 

chamber was measured on a manometer, and the combustion chamber exit temp

erature was n1easured by a Chromel-Alumel t hermocouple. Eoth the combustion 

ch.:~mber and t he following section were insulated by l inch thick Eagnesia 

ins ulation ( see fig . 9). Copper g~skets were us ed between the combustion 

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

J\t the entrance t c the test section wa3 a 2 inch lon;:;; stainless 

steel nozzle, which was designed according to the British Standard Code on 

Flow Eeasurernent. The nozzle reduced the flow from the 8 inch duct tv the 

2 inch wide by 3 inch high test duct. The gasket between the test duct 

and the nozzle was rr.ade of 1/16 inch thick Asbestos sheet packing. It was 

covered with aluminum foil and was wrapped wit h fibre glass insulation. 

The test duct was 17~ inches long. The two vertical walls of 

the test duct were made of 5i inches wide, 17 inches long steel frarr:es, 

which had 3 inch b;y ~2 inch windows (see fig. 10 for the cross-sectional 

view of the duct). Above and below the window the frames h5.d 1 inch wide, 

~ inch thick, and 17 i nches long steel strips bolted to the faces of the 

duct facing each other. One frame bad the coolant duct br:tzed on the outside 

to cover the window. The top and bottom of the duct were made of stainless 

steel slabs whjch 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 frar:.es had tr,eir edges, whi.ch held the 

stainless steel slabs, eut at an angle, so tha t 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 the:,, to form flanges at each end, when the duct was assembled. 

Asbestos sheet packing 1/64, l/32, and 1/16 inch thick, was used between the 

bearing surfaces to give tight se~ls. This packing could withstand lOOoor. 

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 tho~ duct walls. The holes were then 
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tapped and screws inserted into them. This was done to insure that the 

longitudinal men:bers 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 th:; fra~rte by the flanges on the horizontal 

walls (see fie. lO). 

Thin Asbestos gaskets were used at faces of contact of the glass 

0 

and the steel. Since Pyrex does not soften below l5COF, it was sufficient for 

this A.pplic.::ttion. Forward of the Pyrex slab and held in a similar way was a 

l inch b~r 2.5 incr' by 3 inch sta i_nless 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 the F,~;-rex windo•IIT 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 wa.y as the Pyrex 

window. In addition at each end it had flanges (see fig . 11), l/16 inch wide, 

which pressed against similA.r flanges on ~ inch thick steel spacers on each 

side of the porous wall. The spacer closer to the duct entrance had a i inch 

wide and 3 incb high vertical slot c11t in it. The slot, whose purpose was to 

rerr,ove t he boundary layer from t.he üeginning of the porous wall, was located 

~ inch from the beginninp; of the test specimen, and was connected to the out-

side of the t est section by a duct brazed to the side wall. This duct was 

connected to a suction f an. All the inside t est 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 th8 CO!T:bustion gasses 

the silver would have been corroded. 

The coolP~nt duct ~vas ! a.de of l/16 i nch thick sheet meta l brazed to 

the side of the test duct. The cross-section of the coolant duct i s shown in 

Figure 10. It was devided into 3 comp!lrtment s to give the coolant injection 
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velocity which varied approximately as the inverse square root of the distance 

from the leading edge of the test wall. The first compartr:,ent 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 

compartrr:ents and bearing on the porous wall surf2ce were made knife-edge 

sharp. Ta prevent corrosion and to reduce the radiant heat transfer, the 

inside walls of the coolant duct were painted with high temperature al~~inum 

paint. 

Each coolant duct had a static pressure tap, a movable Iron-Constantan 

thermocouple, and a coDnection which was pressure-tight and through which the 

thermocouple leads from the test wall could be led out. The static pressures 

were read on three 0 to lOO psig range high precision l.aboratory Test Gauges • 
• 
The test duct had three 3tatic 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 

irnbedded in the floor at 2.53, 8.46, and 14.66 inches from the duct entrance. 

A movaLle, shielded Chromel-Alurnel thermocouple (see fig. 12) was installed 

in the duct 1.625 inches from the duct entrrmce. Five movable pitot and 

Chrcmel-Alumel thArr•wcouple probes (see fig. 13) were located just above the 

Pyrex window and at 0.09, 1.1, 1~.05, 9.0, and 12.05 inches from the beginning 

of the test wall, which was 1.625 inches from thn duct entrance. The pitot 

probe opening was 1.6 inches from the ceiling and the thermocouple about 

1.5 inches. The pitot probe was cade of 0.008 inch ID and 0.016 inch CD, 

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

steel tuhing whtch was soldered to C.l25 inc h CD stainless steel tubing. Side 

by side with the pitot probe was a Chromel-Alumel ther!l~ocouple whose wires we r·e 

shea.thed in a O.Cl..2 inch tubing. Outside the duct the 0.125 inch tubi.ng was 
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joined to a 0.25 inch CD stainless steel tubing fror:: which the pressure 

line and the thern:ocouple leads were sepa.rated hy means of a brass "T" 

connection brazed to the 0.25 inch tubing:. The silver solder used in the 

manufacture of these probes could withstand a ter:lper;:,.b:;_re c·f 2C(.C·°F. Since 

the pitot probe was made of such small diameter tubing, there was a ereat 

deal of trouole with dirt particles blocking its entrance. These probes 

were calibra.ted ag&inst a standard probe. 

Test Specirr,en 

The sintered porous brc·nze test wall w::..s ncanufactured by the 

3heepbridge Engineering (Canada) Limited, in Guelph. i,.J.thour,h tbree pieces 

of different porosities and powder size were made, only one was Lested 

beca.use of tirne ljmitation. The test specin,en was made of 90 per cent 

Copper and lC per cent Tin bronze powder of 60 to 80 mesh size. This 

powder was sprinkled in a mold, pressed cold, and then sjntered in an oven. 

The slab used in the tests bad a porosity of 41.4 per cent, very fine 

texture and one very srr:ootè: surface. 

The bronze slab was machined on a shaper to the required 

d:i!::ensions (sec fig. 11). It had 4 Iron-Constantan therrr:ocouples soldered 

in 1/16 inch by 1/16 inch by ~ inch groovAs in the side facing the coolant 

duct at 1, 4, 7, and 9 inches frorr, the leading edge. The first three 

t!:ermocouples were loc a ted in centres of the cool~~nt compa.rtments. In 

order to measure the t8mperature inside the porous waJl, four Chromel

Alumel thermocouples, sJ--:.ea thed in O. 042 inch OD sta i_nless steel tubing, 

were placed from the top edge of the wall into small hales, about 1 1/32 

inches deep, and forced in contact with tte metal. The holes were drilled 

at 0.10 inch intervals and at 3.625, 3.795, 4.125 incr:es from the leading 

edee of the test wall. 
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Suction and Exhaust Systems 

The gas suckcd out fror:: the test duct passed V,roagh a 1 inch line 

which had a 1 inch gate valve and cooled in a 4 inches OD duct, was blown into 

the exhaust duct h:v a General Electric Turbosupercharv,er Eodel 7S-B31-A2. The 

fan was driven at 3900 pm by a 3 HP, 1735 pm, 3.5a, 55Gv, 60 cycle, 3 phase, 

Type AD English Electric motor. 

The exr1aust s~rstem consisted of a 12 inch long diffuser, and an 8 inch 

OD duct, which joined into Ue I.aboratcry exhaust system. The diffuser, made 

of mild steel, provided a smootb transition from the 2 inches by 3 inches test 

duct to th2 exr,aust duct. The exhaust duct had a butter fly v;;lve in it, so 

th.:::t it could be closed when the rig was not in operation, and the exhaust 

gasses from t!-•e Laboratory exhaust system tended to flow into Ute rig. 

Instru.rnentation 

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 filJed with 

alcohol. The two traversing gears used were driven by 24vdc motors. One 

traversing gear, operating the shielded thermocouple at the duct entry, was 

bolted to thH te.:;t duct. The other, operating the probes on the side of the 

duct, could be mounted at five different positions on a rail and attached to 

any one probe. The distar.ce travelled was measured by a fjnely divided scale 

on the first trA.versing gear, and by Ames Dial 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 wall in the test duct was measured by 

a Sjemens 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 focu~ed 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 feil 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 voltar,e 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 de bridge 

with a temperature-sensitive resistor. The required parallel shifting of 

the charactcristic was caused by this circuit. 
~ 

For the temperature measurement in the range of 200 to 1000 F 

a Photoelectric Amplifier was required. An available de amplifier was 

tried but it was not sensitive enough and did not give satisfactory 

results. Next a de microvoltmeter was tried, but it was unsatisfactory. 

Finally, two galvanometers were used, and the Ardonox had to be calibrated. 

The de power to the Ardonox was supplied by a Kepco Labs Power 

Supply Model 5C - lEi - .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 1.22 - o.22 ma current. This eurrent was checked frequently 

during tests by a Winston Madel 328 milliameter. The output from the 

Ardonox was connected to the galvanometers. A 0 - 10 my Rubicon Galvanometer, 

supplied by 6~dc Heath Kit Battery Eliminator, was used for the low 
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temperature range. A 0 -lOO~~tvG.E. Galvanometer, supplied by ll.Qv ac 

was used for the high temperatu:ce range. The input to this galvanometer 

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

When one galvanameter 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 t he duct. The 

calibration plate bad nine thermocouples fitted in holes drilled from the 

coolant duct side to within 1/32 inch of the hot surface. 1he calibration 

covered a range of temper a.tur·es and mass flows which were used in the tests. 

A great deal of time was spent :m this calibration because of difficulty 

in getting the Ardonox subsidiary equipment to work properly. 
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APPEI.JD IX 2 

OPERATIONAL PROCEDURE FOR TH:i: H:::AT TRAl~SFER TESTS 

The following procedure was foll owed 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 de 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-Alurr,el 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 f lve 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 t o check t he boundary-layer 

thickness at the leading edge of the test wall. The following values were 

then recorded: 1) temper a tur es, pressures, and orifice pressure drops of 

the air, coolar1t, and propane; 2) test duct floor temper atures and pressures; 
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3) test wall temperatures; 4) coolant duct temper atures; 5) room t empera

ture and pressure; 6) temperature and total head pressure at i ncreasing 

distances f rom the t:::;s t wall. In arder not to interfere with the flow 

during t ravers ing by one probe, the other probes were withdrawn and 

hidden in the test duct ceiling, which had slots mill~d in it for t his 

purpose. Because of t heir construction, t he pitot prob~s could not be 

brought closer t han 0.060 inch from the wall, but the thermocouples were 

bent to be about .030 inch closer to the t es t wall. 

:fuen testing was s t opped, the propane valves wer e cl osed. 

after the duct had cooled sufficie.ntly, the a i r f ans and valves, the 

Potentiometer, the Ardonox, and the galvanometers were clos ed. 
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APPEi~DIX 3 

Test Results 

U1 h' x 1u-5 
~~ 

Rnn TJ. vo Isn h h " 
i~o. ftfsec. OR ft-/ sec. Btu/hr. ft. °F 

c 
Btu Btu Btu 

hr. i't~ °F rt? hr .. ft? °F hr. ftf"OF 

Distance from Leading Edge of Plate = 4.U6 in. 

3 5SJ.3 578 0.237 2.54 5.77 il.37 

4 66.5 5b6 0.237 3.04 7-95 11.23 

5 70.2 .Sol 0.237 2.96 9.83 12.95 

6 n.u 594 0.23'1 4.17 12.05 13.82 

7 6.L.L 665 0.237 j.U7 1.49 7.67 )1 .6.L 

8 6b.d b62 0.237 j.43 9.57 .Ll..Lb 

9 6ù .6 751 0.237 2.(8 6.43 11.;)6 

lü 76.7 665 0.237 3.05 .L73 10. 97 12.60 

11 d5.2 663 0.237 3 • .Lo 12.12 13.19 

12 76.7 748 U.237 2. )14 9.04 1~ .28 

13 èl;J.2 736 o.L37 3.1 10.21 14.0 

15 7ü.4 ~t.iO 0.237 2.'(7 6.95 11.72 

17 6U.7 .Sb4 O.S.).L ) . 76 h.OO 11. b4 

li) 6b.7 591 CJ . 55.L 4. tl3 5. 30 12. d3 

19 7'(. u SoS u.~S.L 5.34 9.37 14.17 

20 bU.4 .)bU 0.55.L ) .60 1.62 11.68 lL~.83 

21 67.3 663 u.;iSl s . .so 2.44 3.46 13.23 

22 77 .o 676 0.551 5.56 3-75 5.78 14.1+7 

23 83.4 666 u.)51 ) . 54 3.14 8.50 14.38 

25 74 .1. 748 u.)51 ;;.so 3.92 11.10 

26 bd .1 760 u.55.L ;; . ;,5 7.13 13.95 

27 91 .8 756 0. 551 5. 62 1~ . 015 8. 50 14.50 
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Run u1 Tl v l<1rt h' x lo-5 h he><-
l'W • ftysec. oB. rt?sec. BtUjhr. ft. 0

./ Btu Btu Btu 
lU'. ft~ °F ft? hr ft~ 0 1:" ,œ i't~ OF 

'"'0 Lu 85.8 923 0.551 5.53 4.14 12.43 

29 97.8 938 u.551 5.65 6.96 13.73 

30 .L03.6 753 0.551 5. 67 10.30 14.89 

31 65.3 5d1 u.b12 7.17 3-39 12.73 

32 73.0 5Cl1 0.812 7.34 5.06 13.91 

33 79.7 5él6 0.812 6.67 6.35 14.88 

34 ô5.3 57tJ u. ô12 e.uy 3.12 15.80 

35 72.0 664 u.fn2 8.32 3.60 12.oo 

36 81.2 673 0.812 8.51 4.48 11~ .23 

37 88.1 674 0.812 7.93 6.60 14.83 

38 96.1 670 u.812 7.95 5.17 9.99 15.74 

39 78.1 753 0.812 8.ü6 3.69 3.07 12.70 

40 86.7 760 0.812 7.79 4.22 13.73 

4J. 97.6 759 u.812 7.81 7.42 15.23 

42 95.5 996 u. l:)12 7.78 3.85 13.02 

43 102.3 932 0.812 8.00 6.31 14.38 

44 110.3 908 u.812 8.19 6.52 16.23 

Distance from Leading Edge of flate = )1.00 inches 

46 65.4 578 0.576 i.~.92 4.48 10.87 

47 79.6 578 0.576 4.70 9.84 12.73 

46 76.6 733 0.576 4.91 3.53 11.03 

i+9 96.3 751 0.576 4.b0 éi.6 12.92 

50 92.2 751 0.390 3.38 10.21 12.45 

51 74.5 742 0.390 3.59 5.7 10.61 

52 63.4 579 U.J)lO 3.37 10.09 10.75 

53 69.9 577 0.390 3.32 9.25 11.42 

54 75.7 578 0.390 3.31 13.38 12.27 

55 80.7 578 0.390 3.31 13.38 12.92 

56 62.2 659 U.390 3.30 4.99 10.92 

57 84.6 666 0.390 3.37 10.37 10.40 
58 60.8 5èlO 0.168 1.42 6.33 10.22 



- 72 -

Run u T1 vo Bt~nr. ft. °F 
h' x J.o-5 h h * 

fèsec. 
c 

No. OR ftysec. Btu Btu Btu 
hr. ft? °F ft~ hr. ft?~ hr.ft? OF 

59 73 .L~ 586 0.168 1.56 8.80 11.1:!0 

60 65.8 661 0.168 1.51 6.31 10.42 

61 82.7 668 ().168 1.60 10.75 12.08 

Note '*' he is calculated from· N = 02 65 Ji • B P • 3 · ux • ex r 
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FIGURE 6. BEAT TRANSFER RIG 
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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 = 30.9% 

FIGURE 20. POROUS BRONZE PLUG SURFACE 
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Porosity = 36.9% 

FIGURE 21. POROUS BRONZE PLUG SURFACE 
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FIGURE 22. POROUS BRONZE PLUG SURFACE 
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Porosity = 46.6% 

FIGURE 23. POROUS BRONZE PLUG SURFACE 
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