
HEAT LOSSES IN THE 
PFJRHEABLE WALL FURNACE 

by 

ROY BARNES NOYES 

A THESIS 

submitted to 

ORFGO1 STATE COLIGE 

in partial fulfillment of 
the requirements for the 

degree of 

MASTER OF SCIENCE 

June 1957 



APPROVED: 

Professor and Chairman of Department 
of Mechanical Engineering 
In Charge of Major 

Chairman of School Graduate Committee 

Dean of Graduate School 

Date thesis is presented June 6, 1956 

Typed by R. Noyes 



ACKNOWDGFF1T 

The author wishes to express his 

gratitude to the Standard Oil Company of 

California, whose fellowship made this work 

possible, to the Babcock and Wilcox Company 

and to the Harbison - Walker Refractories 

Company, who supplied refractories for test, 

to Professor M. B. Larson, who gave much- 

needed assistance with the analog computer, 

and to Professor Louis Siegel, whose help 

made the work much less difficult. 



TABLE OF CONTENTS 

INTRODUCTION. . . . . . 

THE STEADY STATE HEAT FLOW EQUATION 

POROS ITY AND PER!EABILITY . . 

EXPFRThENTAL APPARATUS AÌD PROCEDURE 

EXPERPflENTAL RESULTS . . . . 

ANALYSIS OF THE FURNACE . . . 

SUMARY ., . , . . . . . 

BIBLIOGRAPHY. . . . . . 

APPEÌDIXA . . . . . . . . 

APPENDIXB . . . . . . . 

APPEJ\'DIXC 

Pa ge 

1 

5 

16 

18 

26 

31 

35 

36 

37 

41 

46 



}TFAT LOSSES IN TJE 
PERMEABLE WALL FURNACE 

INTRODUCTION 

The reduction of fuel costs In industrial furnaces 

has received much attention in the past, and as a result 

regenerators, recuperators and waste heat boilers are often 

found as a part of a modern large furnace installatlon. All 

of these heat saving devices, wever, suffer from certain 

disadvantages. Regenerators are large and rather ineff i- 

dent. Recuperators may be leaky if' non-metallic, and must 

be limited in temperature if metallic, while waste heat 

boilers are necessarily limited in capacity by the steam 

requirement of the plant. 

The permeable wall furnace Is an Innovation in the 

design of fuel-fired furnaces which was first proposed In 

England In 1944 by R.H. Anderson, D.C. Gunn and A.L. Rob- 

erts (1, p169). TheIr proposal was to construct a furnace 

in which the combustion volume is surrounded by a refrac- 

tory wall which Is more or less permeable to gases. No 

flue or vent is provided from the combustion volume, so 

that the products of combustion have no route of escape 

except through the permeable wall. After passing through 

the wall the gases are collected In an open channel, 

backed with refractory as In an ordinary furnace, and 

vented from this channel to the atmosphere. A schematic 

drawing of a furnace of tIs type Is shown in FIgure 1. 



The advantages claimed for this furnace are twofold; 

first, that some of the heat carried by the products of 

combustion is deposited within the permeable wall, 

thereby reducing the temperature gradient and the loss 

of heat by conduction through the wall; and second, that 
the flue gases aro discharged from the system at a lower 

temperature than would be the case in a conventional 

furnace, reducing the sensible heat loss. 
An analysis of the heat saving was made by the 

originators of this design, and was basedupon the 

assumptions that the thermal conductivity of the refrac- 

tory comprising the permeable wall was unaffected by the 

flow of gas through it and that the temperature existing 

in the gas collector zone, that Is, at the cold face of 

the permeable wall, was the saine temperature as would 

exist at the corresponding point in a conventional fur- 

nace having a wall of thickness equal to the total 
thickness of permeable wall plus non-permeable backing 

wall. Subject to these dssuinptions these workers pre- 

sented solutions which indicated that rather considerable 
heat savings might be obtained in a furnace constructed 
in this manner. 

Several installations havé been made by them in 

England since 1944, ranging from a twelve inch diameter 

crucible furnace to a large car-bottom furnace. These 
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furnaces are reported to have performed satisfactorily 

in regard to refractory life, and to have shown fuel 

savings of from fifteen to sixty percent of that of the 

comparable conventional furnace. 

The potential of this development seems large 
and apparently untapped in this country. For this rea- 
son lt seemed desirable to investigate further the heat 
transfer conditions in a furnace of this type, in an 

attempt to evaluate design parameters and to provide a 

basis for estimating the required heat input. This 

paper is an attempt to provide some of this information. 
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THE STEADY STATE HEAT FLOW EQUATION 

The physical condition which exists In the per- 

nieable wall of the furnace described Is that of a uni- 
directional flow of gas through a porous permeable body, 

accompanied by a flow of heat In the same direction, 
resulting from differences In both pressure and tem- 

perature between the parallel faces of the wall. 

When no gas flow exists within the porous medium 

it is supposed that heat flows through It by the follow- 

Ing mechanisms: 

1. Conduction within the solid from particle to 

particle. The quantity of he at transferred by this 

machanisrn is proportional to the conductivity of the 

solid particles, and decreases as the porosity Increases. 

2. Conduction through the fluid within the pores 

of the solid. The heat transferred in this manner Is 

proportional to the conductivity of the fluId, and 

increases as the porosity increases. 

3. RadiatIon across the pores of the solid, 

varying with the emissivity of the solid particles and 

the fourth power of the absolute temperature. 

4. Heat carried by convection currents in the 

pores of the solid. Convective heat transfer is generally 

considered to be negligible for the size of pore 



encountered in the average refractory. 

The resistance of the porous body to heat flow 

nay he specified by an apparent thermal conductivity k, 

which, according to Jakob (4, p.87) depends upon the 

conductivity of the solid and the gas, two character- 

istic lengths, and upon the enissivity and temperature. 

When a pressure difference exists across the body 
a directed velocity is given to the fluid within the pores 

with the exception of a stagnant layer close to the solid 

particles. In this cas there must be added to the list 
of heat transfer mechanisms a fifth item, heat carried 

by the moving fluid particles in the direction of the 

principal fluid flow. 
In order to derive an equation for the flow of 

heat in the steady state, it is convenient to make the 

assumption that the temperature of the solid and the 

temperature of the fluid are identical at any point. 

That this cannot be true will be shown later. However, 

the assumption enables one to speak of a unique temper- 

ature at a point, and for this reason lt is often made, 

and will be made here. pith a given temperature and 

temperature gradient at any point then, it seems reason- 

able to assnìe that the heat transferred by conduction 

from particle to particle of the solid, and that trans- 

ferred by radiation across the pores of the solid would 

I 
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be Independent of any flow of fluid through the body, 

provided only that the fluid is relatively transparent 

to radiation. Ftirthermore, since the fluid velocities 
to be considered here are small, and since the pressures 

deviate from atmospheric by only a fevi inches of water, 

it may be supposed that the flow of heat through the 

fluid in the pores of the solid is relatively unaffec-. 

ted by the flow of the fluid. Ve may then combine items 

one, two and three in the list of heat transfer meche. 

anisms into an apparent thermal conductivity k, depend- 

ent, for a given porous material and for pressures close 

to atmospheric, only on temperature, and expect this 

apparent thermal conductivity to change in magnitude 

not at all or by only a small amount as we pass from the 

condition of stagnant fluid in the pores to the con- 

dition of small directed fluid velocities in the pores. 

The heat carried by the particles of fluid in 

the direction of the principal fluid flow may be eval- 
uated in terms of the rate of fluid flow and the enthalpy 

of the fluid. 

Subject to these assumptions, the heat crossing 

a plane at a distance x in the wall is 

+ W A,Fi (1) 

and that crossing the plane at x+dx is 



-t wA 
x+ di xdx 

where q represents heat flow, Btu per hour, k repre- 

sents the apparent thermal conductivity of the porous 

solid, Btu per hour per square foo per degree Fahren- 
heit per inch, A represents area perpendicular to the 

principal heat flow, square feet, t represents temper- 

ature, degrees Fahrenheit, x represents distance neas- 

ured in the direction of the principal heat flow, inches, 

w represents mass rate of fluid flow, pounds per square 

foot per hour, and H represents enthalpy of the fluid, 

Btu per pound. 

Since, in the steady state, , and 

for a plane wail A = Ax-tdx thfl 

from which 

+ wH = 
dt 

- Sc4-dx 
hlExdx 

+ clic Idt2 dl! dt 
0 (2) 

This equation, with w set equal to zero, is the 

equation for temperature gradient in a rectangular 

coordinate system with a variable thermal conductivity. 

If the conductivity is approximated as a linear function 

of the temperature, k a +bt , then, with the 

boundary conditions t t0 at x.O and tt at 



x L its solution Is 

Z zlx 2a(t - t0)b(t2 -t» [2at1 - t0)+b(tL - t0)1t 

The temperature gradient at x=O Is then 

fdt\ t 
(dx/ x:O 

2a(tL - t0)+b(t -t) 
2L (a-4-bt0) 

tt1 km - (3) 
L k0 

where km denotes the thermal conductivity at the average 

temperature and k0 the thermal conductivity at the temp 

eraturo to. 

The more general case of equation 2, where the air 

flow rate Is other than zero, wìs set up on the electric 

analog computer of the Mechanical Engineering Department 

for a number of conditions of boundary temperatures, air 

flow rates, and thermal conduetivitles of the solid 

material. The analog computer, the set up of which Is 

described In Appendix P, enables one to obtain directly 

plots of temperature and temperature gradient versus x 

coordinate. The general trend of the temperature - co- 
ordinate curves is concave downward, with the degree of 

concavIty increasing with Increasing airflow rate. A 

typical family of these curves is illustrated in Figure 
t - tL 2, where the dimensionless temperature is 
to _ tL 
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plotted against the dimensionless coordinate x/L, 

with the parameter being the dimensionless ratIo _____ 

Equation 2 may also be solved by the method 

suggested by Kirchofí' (4, p. 192) by writing the 

equation in the form (where : dH/dt): 

= o dxkdx) Cpd 

and making the substItutIrns 

dt k k and c C dx mdx 

where km and c are constants to be determined, and the 

condition that 0t at xo and at x:L is to be 

satisfied. These conditions lead to the equations 
tL t,. 

1kdt L dt 
k and cz 

ni tLto tLto 

Representing both k and c, by linear functions 

of temperature, 

k = a+bt 

then km a+ (tL--t) 

c f gt 

and c= f+- (tL--t) 

or, In each case, the value of the property at the 

average temperature. 

Then equation 2 becomes 

&e dg 
kmdxz _ WCm o 
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and its solution, subject to the boundary conditions 

8.rt at xO and e=tL at x=L is 

e=t0e ± cL e 
t0e tL 

i - 

But 
a (t - to) b/2 (t -t) 

Equating the two expressions for 8, differentiating 

with respect to x and setting x equal to zero, 

(dt wem totL 
= - ____ ___________ 

k0 e -1 

Forming the ratio of this expression with that given 

by equation 3 for the temperature gradient at xO 
with rio fluid flow, one obtains 

w L 

(4) 

- i 

where R denotes the ratio of the temperature gradient 

at x=O for any rate of fluid flow to that which would 

exist if the fluid flow were zero but other conditions 

remained the same. This is the form of the equation 

which expresses the saving in heat passing by conduction 
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through the permeable wall, and will be used as the 
basis for tie evaluation of the heat losses from the 

furnace, together with equation 1. Equation 4 is shown 

in graphical form in Figure 3. 
!1ention has been made of the transfer of heat 

from the fluid to the solid within the pores of the 
solid. An indication of the rate at which this heat 
must be transferred may be obtained in the following 
manner: the total heat carried across any plane perpen- 
dicular to the direction of the principal heat flow is 
constant in the steady state. However, on the plane at 

x, the heat carried by the fluid as sensible heRt is 

WILL, while on the plane at x+dx the fluid carries an 

amount of heat wIi. Accordingly, the heat transferred 

from the fluid to the solid in the volune A dx is 

dq w - , or, 

___ - w - w 
dx dx dtdx 

Setting this equal to a rate of heat transfer given by 

h' t A dx 

where h' isa volume rate of heat transfer, Btu per 
hour per cubic foot pf'r degree Fahrenheit, and Includes 
all the mechanisms by which heat Is transferred from the 
fluid to the solid, and At represents the temperature 
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difference between the fluid and the solid, degrees 

Fahrenheit, then 
w dHdt Lt- _ - -- h' dt dx 

so that the terperature difference t exists whenever 

a temperature gradient dt/dx exists, and is proportional 

to the temperature gradient. 
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POROSITY AND PERMEABILITY 

Porosity Is defined as the fractlon of solids 

per unit volume. Permeability depends not only upon 

the porosity but also upon the geometry of the pores 

and upon the degree to which they are interconnected. 

Permeability is defined (6, p. l) by the relation 

() dp/dX 

in which ) is the permeability, square feet, ,/A is 

viscosity of the permeating fluid, pound seconds per 

square foot, y is the specific volume of the fluld, 

cubic feet per pourn, p is the pressure, pounds per 

square foot, and the other symbols are as defined 

previously. 

The permeability of a refractory is generally 

tested using air at rooì temperature as the permeating 

fluid, and permeability is reported as 

wv__ 
f'- - ApAx 

in which X is the apparent permeability, cubic feet 
per hour per square foot per pound per square inch per 

Inch. 

Assuming an ideal gas so that vT/p , equation 

5 becomes 

;x_ JAwR'T - 
7 dp,'di 
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in which R' is the gas constant, foot pounds per pound 

degree Rankine, and T is the absolute temperature, 

degrees Rankine. 

This equation, upon integration between the 

limits p=.p0 at xO and at X.L is 

rL 
2wR i 

>'. = 
pt - 

P 

¿ 
T/(T) dx (6) 

Clews and Green (3, p.223) have reported that, 

while for a given pressure difference the volume of air 
passed through a refractory brick decreases with in- 

creasing temperature, this effect is due almost en- 

tirely to the increased viscosity of the air. 

Trins (9, p.498) mentions flow of air through a re- 

fractory, and states that the rate of flow is inversely 

proportional to the viscosity of the fluid, and propor- 

tional to some power of the pressure difference, the 

power being between one-half and one. 



EXPVRThÍENTAL APPARATT]S AND PROCEDURE 

In order to test the equations and solutions pro- 

posed, it was necessary to reproduce on an experimental 

scale the physical conditions found in the permeable wafl 

furnace, that is, to obtain a unidirectional flow of heat 

and gas. 

The material chosen for the test was a commercial 

insulating firebrick, obtained in the standard nine-inch 

straight size, two and one-half inches by four and one- 

half inches by nine inches. The specimen cut from this 

straight was a cylinder nominally four and one-quarter 

inches In diameter, and a maximum of two and one-half 

Inches in thickness. 

The specimen was prepared for test by cutting the 

cylinder and drilling one-sixteenth inch diameter holes 

for thermocouples. These holes were located in two banks; 

one so that the junctions of the thermocouples would be 

approximately on the geometrical axis of the cylinder, 

and one so that the junctions would be on the periphery 

of the cylinder. Distances of the holes from the base of 

the cylinder were such that for each central thermo- 
couple there would be a corresponding couple on the 

periphery, at the same distance from the base. The 

location of the thermocouples may be seen In the drawing 

of the test chamber assembly, Figure 4. 



Extreme care was used In drilling the holes for 

the thermocouples, using a slow hand fed and a high 

spindle speed. Fowever, it was not found possible to 

completely eliminate "walking" of the drill. Upon corn- 

pletion of the drilling, the specimen was set upon a 

plane table, the drill successively inserted in each hole 

and a measurement made of the height above the table at 
each end of the drill. If these dimensions differed by 

more than one-thirty second of an inch, for any hole the 

specimen was rejected. Otherwise the average of the two 

dimensions was recorded as the x coordinate of that 

thermocouple. 

The thermocouples themselves were fourteen 
gauge chromel-alumel, flash butt welded, the weld ground 

to the wire diameter, and the couple straightened before 

inserting into the specimen. The circumference of the 

specimen was then sealed with a refractory cernent and 

water glass mixture, rammed into place. 

The test chamber itself is shown In FIgure 4, and 

consists of a steel shell with affixed pipe nipples for 

the various connections. The lining was of insulating 

firebrick in the lower portion of the chamber, and of 

cast cernent - water glass mixture In the upper part. The 

chamber and the specimen were heated by an electric coil 

mounted In a position as shown, with lead wires passing 



out of the chamber thri 

itself was a flat disc 

mr entirely sealed in 

holes through the flat 

f low. 

The calorimeter 

20 

Dugh a mercury seal. The coil 
in shape, the heating element be- 

refractory, with a number of small 

faces of the disc to allow air 

assembly used to measure the heat 
passing through the specimen consisted of a fifty mesh 

bronze screen restingon the top of the specimen, and 

above this the inner and outer calorimeters, each made 

up of several turns of copper tubing, ground flat on 

the underside so &s to provide better contact with the 

screen. The calorimeter was held in good thermal con- 

tact with the specimen by means of rubber pressure pads 

and a clamp, as shown in the figure. The volume above 

the calorimeter coils was loosely filled with insulation 

to reduce the heat transfer from the room to the calori- 

meter. The temperature rise of the water in the inner 

calorimeter was measured witI- a ten times multiplying 

copper constantan differential thermocouple. A constant 

head water supply was provided to reduce variations in 

the water flow rate. 

Twenty-two gauge chromel and alumel lead wires 
were welded to the fourteen gauge thermocouple wires, 

and were carried to a junction point where they were 

soldered to copper lead wires. This junction point was 
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within a region of fluctuating temperature, so precau- 

tions were taken that all junctions were at the saine temp- 

erature. This was done by taping the junctions into a 

compact bundle and insulating them thermally from the 

ambient. The copper lead wires lead to a twenty-four point 

selector switch, and a common cold junction was provided, 

consisting of a twenty-two gauge thermocouple immersed in 

kerosene In a glass tube which was In a water-ice mixture 

In a vacuum flask. 

Thermocouple voltages were read with a Leeds and 

Northrup precision potentiometer. A mllllamrneter was 

provided In the thermocouple circuit so that the couple 

output could be switched to either the potentiometer or 

to the mlfllanimeter. This was Intended as a protection 

for the potentiometer in case one of the guard heaters 

should become shorted to a thermocouple. Before making a 

reading on the potentiometer the thermocouple to be read 

was switched to the ammeter, to confirm that the output 

was of the proper order of ragnitude. 

The thermal guarding of the specimen circumfer- 
ence was accomplished by coils of nichrome wire wh . ich 

were placed around the circumference in various positions 
along the length of the cylinder. In general a coil was 
placed between each bank of thermocouples. The current in 

each coli was Independently variable, controlled by a 
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variable transformer and a bank of resistors. 

Air flow through the specimen was provided by a 

small positive displacement pump, controlled by a press- 

ure regulator and metered by a wet gas meter having a 

least scale division of one.-one thousandth or a cubic 

foot. The pressure in the chamber was indicated ori an 

inclined-tube manometer which could be read to one-one 

hundredth of an inch of water. 

Test runs were made in the following manner: the 

test chamber, wits the specimen mounted in place and the 

calorimeter assembly clamped down upon it, was brought 

up to the temperature of the run. This was done extremely 

slowly in order to reduce the possibility of cracking 

refractory sections, about one hundred degrees Fahren- 

belt being the usual heating rate per hour. While the 

chamber was heating the air flow was turned on, and the 

pressure in the chamber adjusted to approximately that 

desired for the test. At the same time the current in the 

guard circuit was turned on, and an atrpt was made to 

keep the temperatures of each guard - center line thermo- 

couple pair equal. When the desired chamber temperature 

had been reached, the chamber pressure was given its 

final adjustment, and two plots were made of temperature 

in millivolts versus x coordinate, one for the temperatures 

at the center of the cylinder, and one for the temperatures 
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on the periphery of the cylinder. The guard temperatures 

were then adjusted by resetting the variable transformer 

and the resistances, until these two curves coincided. A 

tiie of about one hour was then allowed to insure that 

the steady state had been reached. Just before the be- 

ginning of the test run the center line temperatures 

were recorded and the air flow meter reading and corres- 

ponding time noted. The start of the test run was the 

time when the center calorimeter water outlet was 

switched from the drain to the weigh bucket. The duration 

of test was twenty minutes or half ar hour, and during 

this time the calorimeter water temperature rise was 

recorded each minute and the center line temperatures 

and the air flow meter reading recorded at the halfway 

point. At the close of the test period the calorimeter 

water was switched back to the drain, the final readings 

made of air flow and specimen temperatures, and the 

calorimeter water weighed. It was found early in the 

tests that it was unnecessary to record calorimeter 

water temperature rise each minute, and the interval was 

changed to two minutes. 

Temperature changes in the specimen over the test 

period were quite small, in general less than five 

degrees Fahrenheit, because the test ±uns were made at 

times of day when line voltage variation was unlikely. 
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A single test run usually took a day to complete, 

starting from the first attempt to balance temperatures. 

Two specimens were tested. The first was a grade 

20 Insulating firebrick, suitable for temperatures up 

to two thousand degrees Fahrenheit. The thickness of 

this specimen was 1.304 Inches, and three pairs of 

thermocouplès were located In It, the center line cou- 

pies being located at distances of 0.322 inches, 0.681 

inches and 1.172 inches from the hot face of the cyl- 

Inder. The second specimen was a grade 26 insulating 

firebrick, suitable for temperatures up to twenty-six 

hundred degrees Fahrenheit, an of higher permeability 

and thermal conductivity than the first specimen, but 

of lower porosity. The thickness of this specimen was 

2.500 inches, and four pairs of thermocouples were lo- 

cated in It, at distances of 0.300 Inches, 0.932 inches, 

1.580 Inches and 2.230 inches from the hot face of the 

specimen. 
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EXP!R ThFT'ITAL RFJSTJLTS 

A total. of eighteen runs were made on the two 

specimens. These runs were niade at temperatures at the 

hot face of the specimen up to approximately eighteen 

hundred degrees Fahrenheit, and with air flow rates up 

to a maximum of a little over ten pounds per square foot 

per hour. The results of these runs are summarized in 

Table 1. 

The calculated heat flow values listed in Table i 

are calculated from the observed temperatures and air 

flow rate, using equations i and 4 and the thermal 

conductivity values obtained from the runs at no air 

flow. A comparison of these values with the observed 

values shows that in all cases with the exception of one 

the calculated heat flow is within ten percent of the 

observed, and in the majority of cases is within five 

percent. Five percent would seen to be an optimistic 
estitate of the error in the experiment. Probably the 

single largest source of error was in the thermal guarding 

of the specimen. The assumption was necessarily made that 

the specimen and the guards were symmetrical about the 

geometric axis of the cylinder, so that the temperature 

at any point was dependent only upon its x coordinate. 

Certainly this conditìì was not met exactly, although 



TABLE :i 

EXPERThE. NTAL RESULTS 

Test Serles i - Grade 20 InsulatIng Firebrick 

Temperature, OF w, pounds ¿p, Feat flow, Btu per 
¡o 

).x 10 
at x - at x = at x = per hour Inches cl' hour per ftz 
0.322" 0.681" 1.172" per ft water observed caic ft 

75 75 75 3.68 0.17 - - 6.64 
l072 790 282 0 0 779 774 - 
1098 828 314 1.49 0.27 998 1021 7.37 
112g 868 334 2.40 0.42 1366 1223 8.28 
1161 919 39 4.08 0.74 1672 1610 7.78 
1140 929 370 6.32 1.15 190 2038 7.74 
1168 984 387 10.29 . 1.87 3092 2900 8.34 
16 1170 423 0 0 1316 135 - 
1610 1265 46 3.66 0.93 2359 2368 8.40 
1623 1325 03 7.0 1.8]. 3608 3435 8.69 

Test Serles 2 - Grade 26 Thsulatlng Firebriek 

Temperature, °F w, pounds Eeat flow, Btu2per x 100 
at x= 
0.300" 

at x= 
0.932" 

at x 
1!580" 

at x 
2.230' 

per hour 
per ft2 

Inches of 
water 

hour per 
observed 

ft 
caic. ft 

61 61 61 61 13.72 0.9 - - 13.3 
1110 883 608 280 0 0 870 878 - 
1139 9 69 336 2.70 0.2 1334 141 12.9 
1138 1014 788 362 .11 0.97 2006 1979 13.8 
114 1044 835 384 '7.63 1.45 2540 2512 14.2 
1608 1296 918 468 0 0 1402 1390 - 
1617 
1670 

1370 1012 502 3.18 0.88 231C 2422 13.4 
1431 1088 530 6.25 1.69 3520 3595 14.8 



every care was taken t1at the error Introduced in this 

manner be held to a minimum. 

The location of the thrmocoup1es within the 

specimen with respect to their x coordinate is believed 

to have been determined accurately within O.Cl inches. 

However, th.e temperature gradients encountered, partie- 

ularly at the cold face of the specimen, were quite 

steep. Assuming ar error of 0.035 inches in the location 

of the thermocouple and a temperature gradient of two 

thousand degrees Fahrenheit per inch, there is a thirty 

degree error in the temperature. 

The error in the deterrilnationof the cross 
sectional area of the specimen is probably of the order 

of one percent, and the error In the measured air flow 

not more than one percent. Error due to lack of uniform- 

ity of the air flow across a plane of constant x might 

arise from two factors; first, a non-uniform temperature 

across the plane, and second, a resistance to flow at 

the sealed circumference of the specimen. 

Lack of uniformity of temperature over the planes 

of corstant x was probably very small at and close to the 

cold face of the specimen, where the screen of the calor- 

imeter would tend to distribute heat evenly. The var- 

latlon might be expected to he greater near the hot face 

of the specimen, since the thermal conductivity of the 



29 

heating elemert, while higher thar that of the specimen, 

is rather low, arid therefore there ws more tendency for 

thermal grc3ient to he present. In fiirtr tests a perm- 

cable metal heater plate in contact with the ape cien 
surface might be used to advantae. 

The values of the permeability listed in Table 1 

are calculated from the data using eouation 6, employing 

a graphical integration to evaluate the integral. There 

is some uncertainty jr the determination cf this integral 

due to the small number of temperatures available over 

the length of the specimen. However, there seems to be a 

definite trend toward increasing pereahi1ity with in- 

creasing teniperature. This is riot necessarily in contra- 

diction to the resv'lts of Clews and (reen mentioned 

earlier, since their reslts indicated only that vis- 

cosity change wns the manor factor in the variation of 

flow rate with temperature for a riven pressure drop, 

which is verified by the results presented here. It 

seems reasonable to suppose that a result of the thermal 

exparsior of the solid material accompanying temperature 

increase would be to open the pores of the solid, and 

provide an easier path for as flow. 

The range of air flows tested here, up to a max- 

imum of about ten pound per square foot per hour, is 
believed to include those flow rates most likely to he 
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encountered In furnace practice. For most gaseous fuels 

flow rate of ten pounds per square foot per hour 

correspords to a heat input of around 13,000 Btu per 

square foot of permeable wall per hour. while not 

particularly p'rtinnt to the immediate problem, it 
would be of interest to experiment with higher air flow 

rates, where the rate of heat transfer from the gas to 

the solid becomes higher. 

At tempertures higher than those tested, higher 

than about 1800 degrees Tahrenheit, the transfer of heat 

by rdiation across the pores of the solid becomes more 

predominant, ad as a result it is helieved that the 

assumptions leading to eawtion 2 would be more nearly 

f i' 1f illed 
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ANALYSIS OF THE FTJR}ACE 

In order to apply t1'e foregoing to the prob- 

le of the deterNinatior of the heat losses f'ror' 

permeable wall furnace, reference is made to Figure 1, 

which illustrates a typical over furnace. It is assumed 

that the operatinp temperature is specified, and that 

trial values of the desipr parameters such as wall 

thickness, georetry of the collector,etc. have been 

assumed. It remains to compute the temperatures at the 

various points in order to conuirn' the se].ectior of 

refractories, and to estimate the reri'ired heat input 

in order to choose burner equipment of the proper 

C pa city. 

Of the total heat supplied by the combustion of 
the fuel in the combustor volume, a portion q is lost 

in a manner having no relation to the permeable wall 
construction. This heat mirht he absorbed by the charge, 

lost by rdiation thru openings, absorbed in water- 

cooled components such as ski.d rails, carried out by hot 

material leavirg the furnace, etc. The remainder of the 

heat supplied, q2, passes out thru the prrmeable wail 
sections of the furnace. At the colder face of the per- 
meahie wall, plane i in F1ure i, this heat must leave 

either in the form of radiation to plane 2, or as 
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sensible heat In the gases flowing out of' the wall at 

plane 1, or by convection from the wall to the gases 

existing In the collector at the temperature tg The 

total heat which Is received at plane 2, both by rad- 
lation from plane I and by convection from the gases In 

the collector, must pass by conduction to the furnace 

casing at plane 3, and thence be dissipated to the 

amblent by radiation and convection. 

A heat balance on the gas mass In the collector 

indicates that heat is received (a) by an Inflow of gas 

at the temperature t1 and (b) by convective heat 
transfer from plane 1, while heat is lost by an outflow 

of gas at the temperature tg and by convective heat 

transfer to plane 2, or, 

w A1 H1± h1 A (t1_t) w A1 Hg+ h2 A2 (tg_t2) 

where h represents the coefficient of convective heat 

transfer, Btu per hour per square foot per degree Fah- 

renheit, and where the subscripts refer to the plane at 

which the property Is evaluated. Then 

w A1 c t1 + h1 A1 t1 + h2 A2 t2 
tg = w A1 c + h1 A1 + h2 A2 

or, the temperature of the gases In the collector Is a 

weighted mean between the temperatures of the two 

enclosing wails. 



The magnitude of the convection coefficient at the 

perneab1e waIl, h1, might be approxiriated to be of the 

same order 01' r'agnitude as the convection coefficient 

would be upon thE? same wall if the air flow rate were 

reduced to zero, since the velocities involved are 

quite small, and since it would seem that the velocity 

components parallel to the wall would be negligible. 
However, this assumption is not necessary, since the 

heat impinging by radiation on plane two is, in most 

cases, só large comparec to the heat transferred from 

plane 2 to plane 3, that for all practical purposes 

planes 2 and 3, and therefore the gases in the collector, 

may be considered to be at the same temperature. The 

problem reduces, then, to one of finding, by trial, a 

temperature t1 such that the total heat transferred 

through the permeable wall, q2, is balanced by the heat 

carried out of the system by the flue gases, q3, plus 

the heat transferred by conduction from plane 2 to 

piane 3, q4. The following procedure is suggested: 

i. Calculate the heat losses q1. 

2. Assume a value for the temperature of' the colder face 

of the permeable waJi (t,). 

3. Estimate the heat loss q2. 

4. The total heat to be supplied is the sum of q1 and 

q2. Calculate the flow rate w required to supply this 
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quantity of heat. 

5. Correct the heat loss q2 for this value of w. 

6. Calculate q and q4. 

7. Repeat titis process, adjusting the temperature t1 

until 

A sample calculation is shown in Appendix B. 

It is suggested that the error introduced by 

WC 
computing the ratio P using the specLic heat of 

'Lr 

air rather than of the products of' combustion is small 

for the usual range of temperatures. In the saiple 

furnace calculation of Appendix B, for example, the 

specific heat of air at the collector temperature 

(1300°F) is 0.281 Btu per pound per degree Fahrenheit, 

while the specific heat of the products of combustion 

of a stoichiometric natural gas - air mixture at the 

same temperature is 0.284 Btu per pound per degree 

Fahrenheit, a difference of about one percent. 
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STWMARY 

For the case of unidirectional heat and gas flow 

through a permeable refractory material, the total heat 

transmitted has been round to be given within an accur- 

acy of about ten percent by an equation 

+= wH. - km 

where the subscript t0 refers to the temperature at the 

hot face of the refractory, and where R is a factor 

dependent upon the properties and geometry of the solid 

material, the mass rate of flow and the specific heat of 

the fluid flowing, and is 

(w c 

\ k Javg R- 
______________ 

k J7U 

£ -1 

The permeability of the refractories tested was 

found to be essentially constant ovr the range of 

temperatures and flow rates used, with some indication 

of increasing permeabiJity with increasing temperature. 

Based upon these results, a procedure is proposed 

for the calculation of the heat losses from a furnace of 

permeable wall construction, 
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APPENDIX A 



ANALOG COMPUTER SOLUTIONS 

The electric analog computer which was used to 

obtain solutions of' equation 2 In the form of plots of' 

temperature versus x coordinate consists of' a number of 

components which may be wired together so as to perform 

electrically the operations required for the solution of 

the equation In question. The computer requires that the 

Independent variable be time and the dependent variable 

be voltage, so that, in the case of equation 2, it was 

necessary to transform, with appropriate scale factors, 

temperature into voltage and x coordinate into time. 

In order to program the equation for the corn- 

ponents available on the computer lt was written in the 

form 

0P 
b ttj 1w 

t" = t' 

where the prime and the double prime represent first 

and second derivative with respect to x respectively, 

and where 
c 

and k are approximated by linear functions 

of temperature, so that b represents the temperature 

coefficient of the thermal conductivity. The compon- 

ents and circuit used to solve the equation in this 
form are shown in Figure 5. 

The time, scales chosen varied from one to three 
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seconds per inch of x coordinate, and the temperature 

versus x curve was displayed on an oscilloscope, using 

a sweep of one centimeter per second. The initial 

condition of temperature at x:O was fed into the com- 

puter, and the initial condition of temperature grad- 

ient at x:O was varied by a trial and error process to 

obtain the desired temperature at x:L. The output was 

then fed into a two channel Sanborn recorder where 

simultaneous plots of temperature and temperature 

gradient versus x coordinate were made. It is from 
these plots that the family of curves shown in Figure 

2 was made. 
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APPENDIX B 
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SAMPLE COMPtYFATION FOR THE FURNACE 

Assumed Design Conditions: 

Chamber dimensions: 18" wide, 24" long, 12" high 

Sidewalls, backwall and arch to be permeable, of 

4--" grade 26 Insulating f irebrick 

Door and hearth to be non-permeable, of 4-i-" grade 

26 Insulating firebrick, backed with 2-" grade 

16 insulating firebrick. 

Collector backing to be 4" grade 16 insulating 

f lrebr lok. 

Operating temperature 1800°F, ambient 80°F. 

Heat losses due to radiation through door openings, 

water-cooled parts, etc. is 10,000 Btu per hour. 

Fuel to be natural gas, 1280 Btu per pound of air 

plus gas. 

Fixed heat losses (q1): 

Radiation arid cooling 10,000 Btu/hr 

Door, l.ft x 299 Btu/ftthr1 450 
Hearth, 3 ft X 299 Btu! ft'hr 900 

q1 = 11,350 Btu/hr 

Assume collector temperature (t1) Is 1400°F: 

1 
Heat loss figures taken from tables In manufacturer's 

literature (2, p.12-l3) 
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L 0.279 4,5 

k 2.88 0.436 

For no flow through permeable wall, 

q: -k -2.88 (8.) = 2180 Btu/hr 
nl 

Then q2 2180 R -- w A (Ht - 
o ambient 

= 2180 + w (8.) (448.84) 

Total heat input 

(8. w) #/hr X 1280 Btu/# 11,30-f2l80 R+8.w(448.8) 

solving, w=1.81 and R O.65 (using Figure 3) 

Then q2 2.8C (0.655)-h- 1.81 (8.) (448.84) 8330 

w A (Ht - R ) = 1.81 (8.) (337.3) 5190 
1 tamb 

q4 = 19.3 ft x 226 Btu/f1hr 4360 

q3+q4 = 190-i-4360950 > q2 

Assume collector temperature of 1300°F: 

L 0.278 - 0 442 

1m 
2.83 - 

For no flow through permeable wall, 

q 2.83 (8.5) 2680 Btu/hr 

Total heat input q1-i-q2: 

8. w (1280) 11.350+2680 R + 8.5 w (448.84) 

solving, w=i.84 and R0.64 

Then 2680 (0.64)+1.84 (8.5) (448.84) 8735 
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q 1.84 (8.5) (310.04.) 4850 

q4 19.3 ft x 203 Btu/f t hr = 3910 

q3q4:4850±39108760 Btu/hr q2 

The annulus temperature for the furnace Is then approx- 

Imately 1300°F, and the required heat Input, q1+q2 Is 

20,100 Btu per hour, or about twenty cubic feet per hour 

of natural gas. 

It Is of interest to compute the heat Input necess- 

ary to maintain at 1800°F a conventional furnace of the 

same dlmensic' n s, with a wall construction which Is 

Identical to that of the permeable furnace considered, 

but with no collector space. 

TadIatIon and cooling 10,000 Btu/hr 

Door and hearth 1,350 

Arch, 3 ft x 223 Btu/ftZhr 670 
Sidewalls, 2 2 x 223 890 
Backwall, 1.5 x 223 340 

Total 13,250 Btu/hr 

Assuming a flue gas temperature 100°F above the 

furnace operating temperature, which Is probably on the 

conservative side (8, p.54)., then with an available heat 

above 1900°F for natural gas of 520 Btu/cublc foot (7,p9.) 

the required gas Input !s 25Ø5 cubic feet per hour. 

The heat saving resulting from the permeable con- 

struction Is then of the order of twenty percent. This 

saving is obtained at the expenditure of pumping power 
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P pvAw 
Where P Is the pumping power, foot pounds per hour, and 

the other symbols are as defined previously. 

By equation 6 L 

______ wR' 2 w R' 
dx (Tf)avg 

o 

1.84 (3.3) - 4. i 
o (2010)(9.4x10 

12 3600 (14x10 )(14.7x144) 

6.5#/ftz 
Then P ' (6.5)(0.073) (8.)(1.84) = 1390 ft #/hr 

It remains to show that the approximation t1 t= t2 
Is valid. The heat transferred by conduction from piane 

2 to plane 3 was 203 Btu/f t hr. Setting this equal to the 

heat transferred by radiation from plane 3. to plane 2, 

using, as an approximation, the situation ftr Infinite 

parallel wails, 

d 
i 

(T T;) = 203 

cI E2 

Taking L_C2 0.? (6, p.O2), 

-8 
0.173 x 10 (T T) = 203 

7 :_1 
- 2.9 X 10 2.9 x 10 

n 

Then t1 - t2 - (T+T2)(T1T2) '_ 2(1760Y(2xl760) 
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APPENDIX C 
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DATA: 

SPEC IEN TEMPERATTJIES 

start of run end of run 

thermocouple no. 1 36.36 mv 36.41 mv 1610°F 

2 28.49 28.50 1265 

3 9.79 9.78 465 

exit gases 1.80 1.78 112 

WATEfl FLOW 

time...20 minutes, weight of water....15.C75Y 

temperature rise, average cf 2C observations, 

0.1124 mv, 2.96°r 

AIR FLOW 

time O min. meter reading 96.648 cubic feet 
10 mIn. 97.469 

20 min. 98.291 

Rarometer 29.96 

Chamber pressure 
Pressure at ieter 
Room temperature 

Meter temperature 

Water temperature 

inches of mercury 

0.93 inches of water 

1.2 inches of water 

77°F 

78°F 

67°F 



AIR FLOW RATE 
60 mIn 0.0734 /f t3 

(98.291 - 96.648) 20 mIn 0.0998 
3.67 '/ft2hr 

HEAT FLOW 

(17 x 2.96) 

0.081 ft 

238 Btu/ft2hr 

PEREAB ILITY 

2 w R' X 
Io L 

+ 3.657 x 0.24 (113 - 67) 

JThT) dx (6) 

By grphIct1 Integration, 
L. 

I T PT 
-4 

ç sec °R In 
dx : 18.5 X 10 

f t 
o 

-4 

>,. - 
(3.67) (53.3) (18. x 10 ) i I 

- 
(29.99 x .495 x 144) (.93 x .O62) 3600 1728 

-Io 
8.40 x 10 

CALCULATED HEAT FLOW 

WCmL 
k 

(3.67) (.26) (.EO) 

1.03 

From Figure 3, R : 0.65 

0.80 
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-k + w(H -H ) 

A tx to teal 

-1.03 (0.65) 
460 610 

+ 3.657 (398.58) 

2368 Btu/ftZhr 


