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ABSTRACT 

An unsteady state technique for the determination of 

mean thermal diffusivity of porous cylindrical catalyst par¬ 

ticles was investigated, 

A calorimetric procedure was used to determine heat 

capacity of the pellets, so that thermal conductivity could 

be calculated. 

The experimental apparatus and procedures were eval¬ 

uated by determining thermal conductivity and thermal dif¬ 

fusivity of "teflon" and five porous catalyst samples at three 

temperature levels• 
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NOMENCLATURE 

C 

D 

fx (T) 

f2 (t) 

*1 (T) 

g2 (T) 

h 

k 

K 

m 

Nu 

q 

R 

r» 

r 

Re 

S 

T * 

Heat capacity 

Diameter 

kl/ko,l 

k2/ko,2 

dlcl/do,ldo,l 

R22d2c2ko,l/Rl2do,lco,l koJ2 

Heat transfer coefficient due 
to convection 

Thermal conductivity 

Calorimeter constant 

Mass 

Nusselt number 

Heat 

Radius 

Radial distance 

r »/R 

Reynolds number 

Specific heat 

Temperature of cylinder 

Temperature of catalyst at 
time zero 

units 

B.T.U./lb.°F 

ft. 

B.T.U./Hr.ft.2oF. 

B.T.U./hr.ft.°F. 

gram 

B;, T. U. 

ft. 

■f tv 

°C 

°C 
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TA Temperature of cdoling medium 

Tg Center temperature of the 
glass cylinder 

Tc Center temperature of catalyst 
cylinder 

t ko,l/do,l Co,l Rl2 

T T'l - T* 2 
tA " Tw 

d Density 

t' Time 

Subscripts: 

i Refers to space grid 

j Refers to time grid 

1 Refers to glass 

2 Refers to catalyst 

Refers to temperature of cooling medium 

°C 

°C 

°C 

lb./ft.3 

hr. 

0 



INTRODUCTION 

The rate of chemical reaction occuring within porous 

catalyst particles is often dependent upon the thermal con¬ 

ductivity of the catalyst particle. As the reaction proceeds, 

the temperature within the catalyst particle is dependent on 

the rate of heat transfer between the particle and the exter¬ 

nal fluid medium. Since reaction kinetics are normally quite 

temperature sensitive, the rate of heat transfer is very im¬ 

portant in the prediction of reaction rates within porous 

catalyst particles. 

To date, there has been little work on the determi¬ 

nation of the thermal conductivity of porous catalyst parti¬ 

cles. With this fact in mind, an investigation was undertaken 

to provide a simple, accurate method for determining the ther¬ 

mal conductivity and thermal diffusivity of porous catalyst 

particles• 

Sehr (21) reported three methods for determining 

thermal conductivity of porous catalyst particles. A brief 

description of these three methods follows. 

The thermal conductivity of specially machined cy¬ 

lindrical catalyst particles was determined by placing one 

cylindrical particle between two copper plates. The bottom 
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plate was held at a constant high temperature. The top plate 

was shaped to form a receptical for a low boiling liquid 

(“Freon 11"). The rate of evaporation of the Freon was used 

to calculate the heat flux through the cylindrical catalyst 

sample. Radial heat losses were avoided by placing the entire 

apparatus in an evacuated chamber. 

Sehr also reported two methods where catalyst particles 

were mixed with another substance of known thermal conductivi¬ 

ty. The mixtures conductivity was determined, and the con¬ 

ductivity of the particles was determined from this value. 

Several methods are described in the literature for the 

determination of thermal conductivity of rocks and other por¬ 

ous materials. A brief description of these methods follows. 

Sutton (25) measured ceramic and metallic thermal con¬ 

ductivities by heating one end of a circular cylindrical sample 

and cooling the other end. By placing thermocouples at se¬ 

veral axial distances, a large number of thermal conductivities 

over a wide range of temperatures could be calculated for each 

run. 

Several methods (1,2,7,11,12,17,19,23) are described 

where a cylindrical sample of the unknown is placed on or 

sandwiched between reference cylinders (usually copper). Tem¬ 

perature gradients are obtained by heating one end of the 

cylinder thus formed and cooling the other end. The thermal 

conductivity can be calculated from these temperature gra¬ 

dients 
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Thermal conductivities have been determined by heat¬ 

ing a sample in an oven and taking the rate of cooling after 

the sample is removed as a measure of the thermal conduc¬ 

tivity (15}16 ) . 



THEORY 

I. Derivation of equations: 

If two infinitely long circular cylinders, one with 

known thermal conductivity and the other with unknown thermal 

conductivity, are heated or cooled in a constant temperature 

medium in such a way that the initial and boundary conditions 

are the same, the difference in center temperatures of the 

two cylinders versus time can be used as an implicit measure 

of the mean thermal diffusivities. 

energy balance around a differential element with the assump¬ 

tions below. 

1. The cylinder is circular, infinite in length, and homo¬ 

geneous . 

2. The surface transfer group is independent of temperature. 

3. Heat losses due to radiation are negligable (see appen¬ 

dix B). 

The energy balance yields: 

The necessary equations can be obtained by running an 

/r »k dTS ,r <^T* ( 5TT)-dC-|tT 

Where: 

k is thermal conductivity (B.T.U./hr. ft. F.). 
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T1 is temperature at any point in the cylinder (F„). 

d is density (lbs./ft.^). 

C is heat capacity (B.T.U./lb.F.). 

t' is time (hr.). 

r' is radial distance (ft.). 

For the cylinder of known properties, the following 

dimensionless variables are defined: 

t = (t'-t'0) kQ/ (dQ j i) ( CQ , i) ^l » r = £— 

T = (T'-TW)/(TA-Tw) 

f i (T) = k^k0>1 

Where: 

gl<T) *1°! 

^o,lCo 1 

Tw is the initial temperature of the cylinder (at t’=t£)(F.). 

TA is the temperature of the cooling medium (F.). 

R is the radius of the cylinder (ft.). 

k^ is the thermal conductivity of the standard cylinder at 

T' (B.T.U./hr.ft.F.). 

k0>2 is the thermal conductivity of the standard cylinder 

at ta. 

d^is the density of the standard cylinder at T* (lb./ft.3). 

dc,i is the density of the standard cylinder at TA (lb./ft.). 

is the heat capacity of the standard cylinder at T' 

(B.T.U./lb.F.). 

CQ is the heat capacity of the standard cylinder at T^. 

When these substitutions are made, the equation becomes: 



For the cylinder of unknown thermal conductivity, the dimen¬ 

sionless variables are: 

t = (f k0>1)/(d0,i C0jl Ri
2) f2(T) = k2/k0>2 

g2(T) = (R2
2 d2 C2 k^)/^

2 dQjl C0>1 k0j2) 

Where: 

d2 is the density of the cylinder at T’(lb./ft2). 

d0j2 is the density of the cylinder at TA (lb./ft.). 

Cg is the heat capacity of the cylinder at T9 (B.T.U./lb.F.) 

CQ 2 is the heat capacity of the cylinder at TA 

(B.T.U./lb.F.). . „ 

kg is the thermal conductivity of the cylinder at T! 

(B.T.U./hr.ft.F.). 

kQ g is the thermal conductivity of the cylinder at TA 

(B.T.U./hr.ft.F.). 

When these substitutions are made equation one becomes: 

When the physical properties are not functions of tem¬ 

perature, equations 2a and 2b can be solved analytically (5J9J 

11,16). For temperature dependent properties, the equations 

must be solved numerically. The numerical procedures used in 

this work are described below. 

II. NUMERICAL PROCEDURES: 

Equation 2h, for example, can be written in partial 

finite difference form as: 
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(3) (£iifi±i,<Ii+lAJo 
2 A r 

-)( 
Ti-Ti_i, 
~~7Tr 

+ 

Ihr (Ti+i-Ti*i> = ‘if’i 

Where: 

r = iAr 

t = j A t 

r = l/N 

i = l/2, 3/2 .   N-l/2 

The fully differenced form is then: 

(M i 
((fi,j+l + fi+l,j+l)(Ti+l,j+1 - Ti,j+1) - 

2 A 

(fi-l,j+l + fi,j+1)(Ti,j+1 “ Ti-l,j+l) + 

(Ti+l,j+l “ ^i-1,j+l^) + 
2A r‘ 

+ fi+l,j)(Ti+1,j 

Tl,j> - j + fi, jHTi.j - + 

Ti-1, j ) ) = (£iiJ±li£iiJ.) (Tl> j+i -Tl,j) 

With the definition a = , equation 4 becomes after re¬ 

arrangement : 

(5) - (fi,j+l (1-l/i) + fi_i,j+1) Ti _i} j+i + (a(giJtj+i gi,j) + 

2^i,j+l + ^i-l,j+l + ^i+l,j+l^ ^i,j+l “ ^i,j+l (l+l/i) 

^i+l,j+l^ Ti+i}j+i — (fi}j(l-l/i) + fi-i,j) Ti_i}j + 

(a(Si,j+l + Si,j) " fi-l,j - 2fi,j " fi+l,j)Tij + 

. (fi,j(1+l/i) + fi+i,j) Ti+i,j 

The form of the equations when the time subscripts are dropped 
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is: 

(5a) X± T±_! + y±, T± + Z£ ■ Ti+i = Vi± 

III. BOUNDARY CONDITIONS; 

The boundary conditions on equation 2a and 2b are: 

(6a) =0 @ r' = 0 
d r’ 

and: 

(6b) ^ (T'-Tw) = 0 
O r k 

Where: 

h is the heat transfer coefficient (B.T„U./hr«ft.zF.). 

k is the thermal conductivity of the rod at its surface. 

(B.T.U./hr.ft.F.). 

The first boundary condition (equation 6a) implies: 

T-l/2,j = Tl/2,J and f-l/2,j = fl/2,j 

since 1-l/i = -1 and (l+l/i) = 3j the equation for i = l/2 is 

(7) (a(ei/2,j+l 
+ Sl/2,j + 3fi/2,j+l + f3/2,j) Tl/2,j+l " 

(3fi/2jj+l + 
f3/2,j+l) T3/2,j+l = (a(Sl/2,j+l + gl/2,j 

3fl/2,j “ f3/2,j> Tl/2,j + (3fl/2,j + f3/2,j) T3/2,j 

Dropping the time subscripts the form of equation seven is: 

(8) (X 2 + y'i/2^ T1 /2 + Zl/2 T3/2 ~ vl/2 

The second boundary condition yields, for i=N-l/2: 

^TN+1/2 

With the definition 

TN-l/2^ + 

b = ArhR 

H (TN-1/2 + TN+1/2) 

equation nine becomes 

0 

2 k 
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(10) (1+b) Tn+1/2 = (1-b) TN-1/2 

or: 

(11) Tn+1/2 
TN-1 /2 

Therefore the equation at the surface of the surface of the 

cylinder (i=N-l/2) is: 

(12) “ ( fN-l/2,j+l U-l/(N-l/2)) + %_3/2,j+l^ TN-3/2,j+l + 

(a(gN-l/2,j + 1 + SN-l/2,j) + fN-3/2,j+l + 

fN-l/2, j+l(2-J^)(l+ + 1 " 

TN-l/2,j+1 = N-l/2,j (l-l/(N-l/2) ) 

(l+b) fN+l/2,j+l^x 

+ fN-3/2,j) x 

TN-3/2,j + (a(SN-l/2,j+1 + &N-l/2,j) " fN-3/2,j - 

2 fN-l/2,j+l “ fN+l/2,j+1^TN-l/2,j + (fN-l/2,j(1+ 

l/N-l/2) + fN+1/2,j) (^Tb) 
TN-1/2,j 

Dropping the time subscropts, the form of equation twelve is: 

U3) Xyi-l/2 TN-3/2 + YN-l/2 + (£=~) ZN-l/2 TN-l/2 = vN-l/2 

When the Reynolds number is less than four thousand and 

greater than one, the relationship proposed by Eckert and Soeh- 

gen (3) can be used to calculate the Nusselt number at the 

surface of the cylinder. The relationship is: 

0.5 
Nu. = 0.43 + 0.48Re. 
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IV. ITERATION PROCEDURE: 

The Vi can be separated into t\iro parts. 

ilk) Vi = (fi.j (l-l/U+q.^j) Ti.^j + (a gi(j 

- ^ Ti,j + <fi,j + 

+ Ti*J 

fi-l,j 

Dropping the time subscripts the form of equation fourteen is: 

(15) ^i - Vij + a gijj+i ^i,j 

The iteration procedure for solving the equation is: 

1. Assume T?}j+1 = T±jj 

2. Calculate f’s, g*ss and Vi.,j+i 

3. Calculate Ti/2,j+l to TN,j+l 

kQ If the calculated TJs are equal within given limits to 

the assumed T9s, go to 5? if not use the T's calculated 

for T and go to 2, 

5. Calculate T-j^j-fi for second cylinder using the same 

procedure. 

6. Calculate T^ - Tg» 

7. Repeat procedure for the next time step. 

A program for calculation of the theoretical curves 

was written for the Rice University computor. A copy of this 

program is included as appendix D. 

V. SPECIFIC HEAT EQUATIONS: 

The mean specific heat of a material can be determined 

by introducing a hot sample of the material into a known amount 
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of water contained in a calorimeter. The mean specific heat 

of the sample is given by the equation below. 

(16) mstT'^ - T"3) = (m3 C3 + 
m2)(T"3 - T»2) 

Where: 

m is mass of the sample (grams). 

m2 is the mass of the water (grams). 

T"^ is the original temperature of the sample (C). 

T"2 is the original temperature of the water (C). 

T”3 is the final water temperature (C). 

S is the specific heat of the sample. 

C is the calorimeters heat capacity (Cal./ g. C.) 

If a constant amount of water is used on all runs; 

(17) (m3 C3 + m2) = K = calorimeter constant. 

Equation sixteen then becomes: 

ms (T"! - T"3) = K (T»3 - T*'2) 



EXPERIMENTAL APPARATUS AND TECHNIQUES 

The experimental apparatus for the thermal diffusivity 

measurements consisted of a specimen holder for the catalyst 

and standard cylinders; a cooling chamber; a heating chamber; 

and recording equipment for time-temperature measurements 

(see figure 1). 

The specimen holder was made from an eighteen inch 

length of 1 l/2 inch aluminum tubing. Each end of the tube 

was threaded and capped. At a distance of four and one half 

inches from one end, the tubing was milled away leaving three 

supporting strips of aluminum one fourth inch in width. The 

milled holes were one and one half inch in length and equal 

in area. Two teflon disks were machined to fit snugly inside 

the aluminum tube. These disks acted as compression plates 

for holding the two cylinders in place. One of the teflon 

disks was held in place by set screws. The other disk could 

be moved by means of a screw mechanism. 

The thermocouple wires, used to measure the center 

temperature, were threaded through holes drilled axially in 

the cylinders and through the teflon end disks. The junctions 

of the thermocouple were placed so they were equidistant from 

the teflon end disks. The ends of the holder were then filled 

15 
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with glass wool insulation; and the holder was inserted into 

the heating chamber to allow heating of the two cylinders. 

The heating chamber was a four inch length of two inch, 

schedule forty steel pipe which had been welded to the cooling 

chamber in such a manner that the specimen holder could be ra¬ 

pidly transferred from the heating chamber to the cooling 

chamber. The actual chamber was formed by inserting two brass 

bushings in the pipe a distance of one and three fourths in¬ 

ches apart. A small electric dryer furnished hot air which 

was used as the heating medium. 

The temperature of the heating chamber could be varied 

from room temperature to approximately 220°C. with a variac 

transformer. 

The outside of the chamber was covered with two inches 

of insulation. The inside of the chamber was insulated up to 

the edges of the brass bushings. All air lines to and from 

the heating chamber were similarly insulated. 

A small baffle was inserted in the orfice through which 

the hot air entered the chamber. This increased the turbulence 

of the air stream which helped to insure uniform temperature 

in the chamber. After the temperature of the cylinders attain¬ 

ed the heating chamber temperature, the specimen holder was 

shot into the cooling chamber by a spring mechanism. 

The cooling chamber was a four foot length of two inch, 

schedule forty steel pipe. The cooling medium was air at room 

temperature furnished by an American Standard blower. To insure 
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turbulence in the cooling chamber, three screens were placed 

between the blower and the cylinders that were being cooled* 

As the two cylinders were cooled by the air stream, 

the difference between the catalyst center temperature and the 

glass center temperature was measured as a function of time* 

All temperature measurements were made using thirty gauge 

copper-constantan thermocouples* The temperature difference 

was recorded with a Brush Mark II recorder after the thermo¬ 

couple signal was amplified by a Sanborn D.C* preamplifier* 

There was considerable noise in the amplifier-recording sys¬ 

tem which could not be eliminated. Due to this noise, the 

lines on the chart were about one chart division in width 

(corresponding to 1.15°C.). It was found while calibrating 

the recording system, that the actual value lay in the middle 

of the wide line formed due to the noise. The middle point of 

the wide line was used as the correct temperature for all 

measurements. This procedure could cause small errors; but 

it is'felt, that they would be less than the accuracy that 

could be obtained when the charts were read, which was + 0.3°C. 

The velocity of the cooling air was determined with a 

K.&E. vane type annomometer and found to be 17»5 ft./sec. 

(+ 0.5 ft•/sec•). 

Olsen and Schultz (l6) report a cylinder can be assum¬ 

ed infinite if its length is four times its diameter. The 

length of the cylinders was set at 1 l/2 inches. The diameters 

of the cylinders were l/4 inch or less in all cases. 
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The standard cylinder was pyrex tubing with an I.D. 

of 0.0200 and an O.D. of 0.21 Inches. The catalyst cylinder 

was made of several catalyst particles held together either 

by compression or "epoxy" glue. When particles were glued 

together, a small rim of glue was placed around the edge of a 

particle and another particle was pressed into the glue on the 

first particle. When particles were glued, only enough glue 

to seal the cracks in the cylinder was used. After gluing, 

the samples were allowed to dry for twenty four hours. The 

ends of each pellet were smoothed to insure good contact be¬ 

tween the particles. The carbon pellets were machined from 

carbon welding rods. An axial hole for thermocouple wire was 

drilled in the center of each catalyst particle using a number 

78 jewelers twist drill and a high speed jeitfelers drill press. 

The particles were held in a jig during the drilling to insure 

that the holes were centered. It was found, that the best re¬ 

sults were obtained when the holes were drilled from both ends 

to meet in the middle. This procedure minimized breakage of 

the catalyst particles and drill bits. 

The thermocouple was butt welded together using silver 

solder. The solder was dipped in flux and heated in an open 

flame. When the solder started to melt, the constantan wire was 

dipped in the molten silver solder to get a small bead of sol¬ 

der on the wire. The copper wire was then inserted into the 

bead forming a butt welded thermocouple. The bead obtained was 

ground to a diameter which would fit snugly in the holes drilled 
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in the cylinders. The beads were ground to size with a small 

hobby grinder. 

To check the experimental technique, two pyrex glass 

cylinders were run against each other. The difference in the 

center temperatures between the two glass cylinders was 

0f + 0.3°C at all time. 

The Brush Mark II recorder was calibrated using water 

at various temperatures. The reference junction was an ice 

bath. The calibration data is presented in appendix C. 

To check whether the position of the two cylinders 

had any effect on the final results, several runs using var¬ 

ious catalysts were run. These runs were then repeated with 

the two cylinders interchanged. The resulting time-temperature 

difference curves were the same within 0.3°C. for each position. 

The zero point of the time-temperature difference 

curve was taken as the point where the curve left the zero 

temperature difference line. This involves an error of 0.5 

to 0.75 seconds. Taking the zero point as described above 

poses no problems, however, as the curve can be shifted when 

it is compared to theoretical curves. 

To insure that the temperature of the two cylinders 

was the same as the heating chambers temperature, the cylin¬ 

ders were heated for thirty minutes before shooting the holder 

into the cooling chamber. It took less than thirty seconds for 

the cylinder to cool to room temperature after the cylinders 

were transferred into the cold air. It is, therefore, felt 
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that sufficient time for heating was allowed. 

Radiation was found to be small compared to heat trans¬ 

fer due to convection (see appendix B)• 

The bulk densities of the samples were found by weigh¬ 

ing each catalyst particle and by measuring its length and 

diameter with a micrometer. 

The specific heats of the catalysts were determined 

by heating samples consisting of several catalyst particles 

in the heating chamber previously described and dropping the 

sample into fifteen grams of water contained in a dewer flask. 

The dewer flask was twelve inches long and had an inside dia¬ 

meter of three fourths inches. The temperature change in the 

water was measured using a Leeds and Northrup potentiometer. 

As in the thermal diffusivity measurements copper-constantan 

thermocouples were used. The mean specific heat between twenty 

and two hundred and eleven degrees centigrade was determined 

for each sample. This value was used for all temperature 

levels. It is realized that this procedure is open to ques¬ 

tion; however, due to the small amount of each catalyst avail¬ 

able specific heats at lower temperatures were impossible to 

obtain with this apparatus because of the small change in the 

water temperature. Therefore, more credence was put in the 

values of thermal diffusivity than in thermal conductivity 

values. 



RESULTS 

The density, Nusselt number, and mean specific heat 

for the pyrex glass cylinder and the catalyst cylinders are 

tabulated in table I shown below, 

TABLE I 

Properties of Cylindrical Rods 

Catalyst Density g/cc, Nu. Specific heat 

Shell 881A catalyst 1-95 22.5 0.4i 
Carbon 1.88 24.1 0.21 
Humble catalyst 2.11 21.5 0.11 
Shell 317 catalyst 2.57 21.0 0.2 6 
Nickle oxide 1.85 24.1 0.16 . 
Pyrex Glass 2.25 22.5 0.174+0.OOO36T» 

It was found that a Nusselt number of twenty could be 

used for all theoretical curves. The curves were essentially 

the same whether the correct Nusselt number or a Nusselt num¬ 

ber of twenty was used. When the Nusselt number reaches 

thirty, the curves obtained begin to vary from those calculat¬ 

ed for a Nusselt number of twenty. 

Several theoretical curves were calculated with fg and 

g2 independent of temperature and f^ and g-^ as functions of 

temperature. The maximum and minimum values of T^ - T2 found 

from these curves were plotted against gg* It was found, that 

22 
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the calculated maximum or minimum values of - T£ were al¬ 

most independent of the initial value of the catalyst tempera¬ 

ture; therefore, one curve can be used to describe all 

temperature levelsfwithin an accuracy of 0.004. The curve 

obtained is shown in Figure Two. Between g£ equal 0.975 and 

1.05, the curves for the three temperature levels give slightly 

different maximum or minimum values; therefore, this portion 

of the curve is shown as a break on figure two. Experimental 

curves which have both maximum and minimum values have values 

of gg between 0.975 and 1.05; because, the values of g£ in 

this range yield theoretical curves which leave the zero tem¬ 

perature difference line slowly and reach a maximum value 

slowly as is required for experimental curves which go through 

both a maximum and minimum. 

ll/hen the maximum or minimum values of T^ - Tg obtained 

with f£ a function of temperature were compared with the val¬ 

ues obtained from figure II, it was found that for 0.667 

kg/k0,2 <>5 the value of g£ changed less than ten percent. 

Therefore, g2 was read from figure II,and the mean value of 

thermal conductivity and thermal diffusivity was calculated 

from this g£. 

The thermal conductivity of a sample of "teflon" with 

known thermal properties was calculated to check this proce¬ 

dure. The correct value of the conductivity was 1.7 B.T.U./ 

(hr. ft. F.). The value calculated was 1.76. Data for glass 

versus "teflon" was not available for this check; however, 
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data for carbon versus "teflon" was obtained. The glass versus 

"teflon" curve was obtained by adding the carbon-"teflon" 

curve and the glass-carbon curve. This procedure should in¬ 

troduce very little, if any, error in the final curve since 

the carbon cylinders temperature should be the same in both 

runs as both runs had the same initial and boundary conditions. 

To further check the procedure, the curves for glued 

881A catalyst at all three temperature levels were fitted with 
Y linear 

f^, f g, and g^ as' functions of temperature. The three result¬ 

ing curves with the experimental points are shown in figures 

three, four and five. In table two below the values of ther¬ 

mal diffusivity and thermal conductivity obtained by a precise 

curve fit are compared with those obtained by using the mini¬ 

mum value of T^ - T2. 

TABLE II 

Comparison of ^-2!&2^2 an<^ ^2 calculated by curve fit and 

Tw 

by using 
glued 

k2/d2C2 
curve fit 

minimum value of T-^ - T2 for 

Shell 881A catalyst 
Vz2/&2^2 from 

k2 curve fit’ Min. T^-Tg 
k2 from 

Min. T-j^-T 

100 0.0256 1.28 0.0252 1.26 

160 0.0256 1.30 0.0252 1.26 

218.5 0.0267 1.34 0.0252 1.26 

For the curves that went through both a maximum and 

minimum value it was found that the value of g2 must lie be¬ 

tween 0.95 and 1.05. Therefore, limits were set on the 
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catalysts which behaved in this manner. 

Table three gives values of diffusivity and conduc¬ 

tivity using maximum or minimum values of - T2. 
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DISCUSSION OF EXPERIMENTAL ERRORS 

There was some recorder drift during some of the runs. 

This became apparent when the experimental curve would not 

return to its zero value. This drift in all cases was less 

than one chart division (corresponds to 1.15°C.). In all runs 

where drift occured the smooth time-temperature difference 

curve had a break in the smooth curve. This break was assumed 

to be the point where the drift occured. The curves were cor¬ 

rected for this drift assuming that the drift did, in fact, 

occur at the break in the smooth curve. It is expected that 

this will cause an error of no more than + 0.6°C. 

A small error was introduced because the curves could 

not be read from the charts with an accuracy greater than 

+ o.3°c. 

There were small errors because the cylinders were 

formed of several particles. The cracks in the cylinders in 

one case and the glue in the other case would cause small er¬ 

rors in the final results. This error is expected to cause 

an error of less than five percent in the final value of ther¬ 

mal diffusivity. 

It is expected that the final value of the thermal dif¬ 

fusivity will be in error by no more than 8% by using the 

31 
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procedure described in this work. The thermal conductivity- 

value is not expected to have accuracy comparable to the ther 

mal diffusivitys because of the poor specific heat data avail 

able 



CONCLUSIONS 

A relatively simple experimental procedure was de¬ 

veloped to determine thermal conductivity and thermal dif- 

fusivity for cylindrical catalyst particles which gives results 

sufficiently accurate for most purposes. 

It was found that a maximum value of T-^ - Tg is all 

that is required for determination of mean thermal diffusivi- 

ties. 

The thermal conductivity of "teflon" was calculated 

by using this procedure and found to agree very well with the 

literature value. 

Conductivities and diffusivities for several catalysts 

were^ also, calculated to check the procedure. 

33 
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I. DATA FOR DENSITY CALCULATIONS: 

Material Length in. Diameter in. Weight grams 

Shell 881A 0.21 0.25 0.34 

Carbon 0.26 0.2 5 0.37 

Humble 0.12 0.21 0.15 

Shell 317 0.l4 0.19 0„l6 

Nickle oxide 0.28 0.25 0.4i 

II. DATA FOR SPECIFIC HEAT CALCULATIONS: 

Original Catalyst Temperature was 211.4 C. 
Mass of Water was 15 grams. 

time Tenroerature Rise of Water 
min. Shell 

881A 
2.15 gr. 

Shell 
317 
2.43 gr. 

Humble 
2.60 gr 

Nickle 
oxide 

. 1.49 gr. 
Carbon 
2.67-er. 

Teflon 
2.67 gr. 

o
 • 

o
 21.0 20.3 20.3 20.3 20.3 20.3 

o.5 22.6 2l. 6 21.6 21.0 21.6 22.5 

1.5 27.7 25.2 22.6 21.0 22.2 25.2 

2.0 27.7 25.2 22.6 21.0 24.6 25.5 

3.0 27.7 25.2 22.6 21.0 24.6 25.5 

4.0 2 7.7 25.2 22.6 21.0 24.6 25.5 

5.0 27.7 25.2 22.6 21.0 24.6 25.5 

10.0 27.7 25.2 22.6 21.0 24.6 25.5 

15.0 27.7 25.2 22.6 21.0 24.6 25.5 

/ 
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III. EXPERIMENTAL VALUES OF MAXIMUM OR MINIMUM T1 "Ta; 
T
A
_T

W 

material Tw is 
maximum 

100 c. 
minimum 

Tw is 
maximum 

160 c. 
minimum 

Tyjr iS 
maximum 

218.5 C. 
minimum 

Shell 
881A — -0.184 — -0.160 — -0.133 

carbon 0.130 — 0.093 --- 0.066 — 

Shell 
317 0.0158 -0.033 0.019 -0.029 0.032 -O.O36 

Humble 0.052 -0.038 0.038 -0.025 0.072 -0.024 

nickle 
oxide 

— — — — 0.068 -O.O29 

Shell 
881A 
glued 

— -0.181 — r0.195 — -O.I9I 

carbon 
glued O.O98 — 0.061 — 0.046 — 

Shell 
317 
glued 

— -0.046 0.010 -0.038 0.044 -0.042 

Humble 
glued 0.016 -0.044 0.015 -0.042 0.020 -0.038 
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IV. DATA FOR THERMAL DIFFUSIVITY AND THERMAL CONDUCTIVITY 
MEASUREMENTS: 

T - Tc for glued carbon (°C.) 
o 

time seconds Tw = 100 Tw = l6o Tw = 218.5 

0.2 4.3   4.5   4.0 

0.4 6.3 7.3  Zil  

0.6 6.9 . 8.0 8.6 

0.8 6.9 8.0 8.6 

1.0 6.7 7.8 8.4 

2.0 5.4 6.3  <Ll  

3.0 4.7 5.0    

4.0 4.1 3.9 4.3 

5.0 3.6 3.1    

6.0 3.1 2.6  2-9 

7.0 2.7 2.2 2.4 

8.0 2.3 1.9 2.0 

9.0 1.9 1.6 1.8 

10.0 1.6 1.3 1.6 

11.0 1.3 1.1 1.4 

12.0 1.0 0.8 1.2 

O
 . 

r—
1 0.7 0.6 1.0 

14.0 0.4 0.4 0.9 

15.0 0.2 0.2 _ 0.7 

16.0 0.0 0.1 0.6 

17.0 0.0 0.0 0.4 

19.0 0.0 0.0 0,2 

20.2 0.0 0.0 0.0 
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Tg - Tc for unglued carbon (°C.) 

time seconds Tw = 100 Tw = 160 Tw = 218.5 

0.2 2.5 7.0 6.2 

0.4 7.0 10.7 10.5 

0.6 8.5 12.2 12.5 

0.8 9.1 12.8 12.8 

1.0 9.5 12.8 12.6 

1.2 9.8 12.7 12.3 

1.4 10.0 12.6 12.0 

1.6 10.0 12.4 11.7 

1.8 10.0 12.1 11.5 

2.0 9.9 11.9 11.3 

3.0 9.1 10.8 10.3 

4.6 8.0 9.7 9.3 

5.0 7.1 8.6 8.4 

6.0 6.3 7.5 7.6 

8.0 5.0 5.6 6.3 

10.0 3.8 4.0 _ 5.2 

12.0 2.7 2.9 4.2 

i4.o 1.7 2.0 3.6 

16.0 0.8 1.3 2.8 

18.5 0.0 0.5 2.1 

20.0 0.0 0.2 1.8 

21.0 0.0 0.0 1.5 

23.0 0.0 0.0 1.0 

26.5 0.0 0.0 0.0 
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Tg - Tc for unglued Shell 881A Catalyst (°c.) 

time seconds Tw = 100 Tw = 160 Tw = 218.5 

0.2 -2.1 -2.7 -2.4 

0.4 -8.0 -11.2 -13,5 

1.0 -11.0 -18.0 -21.8 

1.4 -12.7 -20.8 -24.7 

2.0 -13.8 -21.8 -25,7 

2.4 -14.0 -21.8 -25.9 

3.0 -13.7 -21.4 -25.5 

3.4 -13.2 -20.8 -25.0 

4.0 -12.5 -19.5 -24.6 

5.0 -11.3 -17.3 -20.9 

6.0 -10.1 -15.1 -18.5 

7.0 -9.0 -12.9 -l6.l 

8.0 -7.9 -10.9 -l4.i 

9.0 -6.9 -9.3 -12.3 

10.0 -6.0 -8.1 -10.7 

12.0 -4.2 -6.2 -7.8 

14.0 -2.9 -4.6 -5.6 ' 

16.0 -2.0 -3.2 -4.1 

18.0 -1.1 -1.9 -3.0 

20.0 -0.4 -0.9 - 2.1 

21.8 0.0 -0.1 -1.3 

22.8 0.0 0.0 -1.0 

26.0 0.0 0.0 0.0 
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T 
g 

- Tc for glued Shell 881A catalyst (°C.) 

time seconds Tw = 100 Tw = l6o Tw = 218.5 

0.2 -1.7 -3.2 -4.5 

0.4 -3.9 -7.4 -11.0 

0.6 -6.6 -12.6 -17.0 

0.8 -8.4 -16.6 -24.3 

1.0 -10.0 -19.0 -29.2 

1.2 
00 • 
o
 

P
H
 

1 i -21.2 -32.2 

1.4 -12.0 -22.8 -33.8 

1.6 -12.4 -24.0 -34.8 

1.8 -12.7 -24.6 -35.6 

2.0 -17.8 -24.9 -36.0 

2.2 -12.8 -25.2 -35.9 

2.4 -12.8 -25.5 -35.7 

2.6 -12.7 -25.3 -35.3 ... 

3.0 -12.2 -25.0 -34.4 

4.0 -10.5 -22.2 

I ! 
O
 

£
 

5.0     -8.8 -18.6 -25.6 

6.0 -7.3 -15.1 -21.4 

8.0 -4.6 -10.1 -13.7 

10.0 -2.8 -6.1 -7.9 

12.0 -1.4 -3.5 -3.6 

14.6 0.0 -0.9 -0.4 

15.2 0.0 -0.4 0.0 

15.8 0.0 0.0 0.0 
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T 
S 

- Tc for unglued Humble catalyst (°C. ) 

time seconds Tw = 100 Tw = 160 Tw = 218.5 

0.2 -2.0 -2.0 -2.1 

0.4 -2.9 -3.4 -4.6 

0.6 -2.9 -3.4 -4.1 

0.8 -1.9 -2.8 -1.4 

1.0 -1.0 . . -1.5 1.2 

1.4 0.5 0.9 5.5 

1.6 1.1 1.8 7.0 

1.8 1.6 2.5 8.4 

2.0 2.0 3.1 9.6 

2.2 2.5 3.5 10.7 

2.4 2.8 3.9 11.6 

3.0 3.5 4.7 13.4 

3.4 3.9 5.0 14.0 

4.0 4.0 5.2 13.9 

5.0 3.7 5.1 12.7 

6.0 3.0 4.6 10.5 

7.0 2.2    3.9 8.2 

8.0 1.5 3.0 6.4 

10.0 0.4 1.7 3.5 

11.0 0.0 1.2 2.3 

13.0 0.0 _ . 0.5 0.9 

15.0 0.0 0.0 0.2 

15.8 0.0 0.0 0.0 
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T Ls 

time seconds 

0.2 

- Tc for glued 

Tw = 100 

-1,1 _ 

Humble catalyst (°C.) 

Tw = l6o 

-1.5 

Tw = 218.'5 

-3.7 

0.4 -2.4 -3.2 -6.5 

0.6 -3.0 -4.8 -7.5 

0.8 -3.4 -5.7 -7.5 

1.0 -3.4 _ -5.7 -7.0 

1.2 -2.9 -5.2 -5.9 

1.4 -2.3 _ -4.2 -4.8 

1.6 -1.9 -3.5 -3.8 

2.0 -1.1 -1.7 -1.7 _ 

3.0 0.1 -0.1 1.8 

4.0 0,9 1.1 3.3 

5.0 1.2 1.7 •3.8 

6.0 1.2 1.9 3.9 

7.0 1.1 2.0 3.7 

8.0 0.8 1.8 3.4 

10.0 0.4 1.1 2.6 

12.0 0.1 0.6 1.9 

13.0 0.0 0.3 1.7  

l4.o 0.0 0.0 1.5 

l4.8 0.0 0.0 1,4 

18.0 0.0 0.0 0,9 

22.0 0.0 0.0 o„4 

26.2 0.0 0.0 0.0 



45 

T S Tc for unglued Shell 317 catalyst (°c. ) 

time seconds Tw = 100 Tw = 160 Tw = 218.5 

0.2 -1.3 -1.3 -4.5 

0.4 -2.5 -2.9 -6.9 

0.6 -2.4 -4.0 -6.9 

0.8 -1.7 -3.2 -6.3 

1.0 -1.3 -2.1 -5.2 

1.6 =0.3 0.2 -0.9 

2.0 0.2 1.2 1.9 

3,0 1.0 2.3 5.3_ 

3.5 1.2 2.6 5.8 

4.0 1.2 2.6 6.1 

4.5 1.0 2.5 6.3 

 5.0 _ 0.4 2.3 6.3 

6.0 0.0 1.7 6.0 

7.0 0.0 1.0 5.2 

8.0 0.0 0.6 4.5 

9.2 0.0 0.0 3,9 

11.0 0.0 0.0 2.7 

12.0 0.0 0.0 2.3 

13.0 0.0 0.0 1.8 

14.0 0.0 0.0 1.6 

15.0 0.0 0.0 1.0 

16.0 0.0 0.0 0.7 

17.2 0.0 0.0 0.0 



46 

Tg - Tc for glued Shell 317 catalyst (°C.) 

time seconds Tw = 100 Tw = 160 Tw = 218.5 

0.2 -0.9  -1.6 -2.6 

0.4 -1.8 -3.2 -5.7 

0.6 -2.3 -4.2 -7.8 

0.8 -3.3 ... _ -5.0 -8.2 

1.0 -3.5 .. -5.2 -7.2 

1.2 -3.5 -4.9 -6 0 0 

1.4 -3.2 -4.0 -5.0 

1.6 -2.8 -3.2 -4.0 

2.0 -2.1 -2.0 -2.0 

2.6  -1.3    -0.7 0.4 

3.0 -1.0 0.0 1.4 

3.6    -016 0.9 2.4 

4.0 -0.3 1.3 2.9 

4.8 0.0 1.7    3.5 

6.0 0.0 1.8 3.6 

8.0 0.0 1.0 2.4 

10.0 0.0 0.5 0.9 

12.0 0.0 0.2 0.4 

13.0 0.0 0.0 0.2 

15.0 0.0 0.0 0.0 
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Tg - TC for unglued Nickle Oxide catalyst (°C.) 

time seconds Tw = 218.5 

0.2 -5.0  

0.4 -5.7  

0.6 0_t0  

0.8 

1.0 

1.6 

1.8 

2.0 

2.5 

hi 

4.0 

1*2 

6.0 

Z...9. 

12.6 

12.9 

13.2 

13.1 

12.0 

10.7 

_2^i 

7.0 8.2 

8.0 ; 7.0 

9-Q 

10.0 

11.0 

12.0 

13.0 

14.0 

16.0 

18.0 

20.0 

23.0 

1*2 

5.0 

4.2 

hi 
3.1 

2.6 

1.8 

1.1 

hi 

0.0 
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Tcarbon “ Tteflon for unglued samples (°C.) 

time seconds 

1.0 

Tw = 218.5 

18.4 

2.0 32.2 

3.0 37.3 

4.0 37.3 

5.0 36.2 

6.0 34.5 

8.0 28.8 

10.0 23.0 

12.0 18.4 

15.0 12.1 

20.0 6.9 ..... __ 

25.0 2.3  
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I. Calculation of the density of Shell 881A catalyst: 

from appendix A: 

weight is 0.34 grams. 
length is 0,21 inches or 0.5296 cm. 
diameter is 0.25 in. or 0.6441 cm. 

Volume = (D/2)2L = 0.17 

density = 0.34/0.17 = 1*95 g/cc. 

II. Evaluation of the calorimeter constant: 

for teflon: 

S is 0.25 

from appendix A: 

mi is 2.67 g. 
is 25.5 C. 
is 20.3 C. 
is 211.4 C. 

k = m3*C3+ m2 = mx * S (T'^-T"3)/(T"3-T"2)) 24.05 

III. Calculation of the specific heat of Shell 881A catalyst: 

from appendix A: 

m^ is 2,150 g. 
is 27.7 C. 
is 21.0 C. 
is 211.4 C. 

S = K (T"3-T"2/(m!)(T"!-T"3)) = 0.412 

IV, Calculation of the Reynolds number of air across cylinder 

Shell 881A catalyst: 

for air: 

viscosity is 1,21x10*“^ 
Density is 0,0808 lb./ft^ 

from appendix A: 

D is 0.2536 in. 
velocity of the cooling air is 17*5 ft/sec. 
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Re DVd/u = (0.2536)(17.5)(0.0808)/(1.21)(10)"5(12) = 
r (2.46)(io)3 

V. Calculation of the Nusselt number for Shell 881A cata¬ 

lyst s 

from page 228 of Notes on Transport Phenomena (3): 

Nu = 0.43+0.48(Re)0 *3 = 24.2 

VI. Calculation of f^(T): 

from The Properties of Glass (l5)s 

k^ at 24 C. is 0.6l8 B.T.U./hr.ft sec. 
at 100 C. is 0.67 

f1 = 1 + (1 - (0.67/0.618))T = 1 + 0.159T 

VII. Calculation of gx(T): 

from The Properties of Glass (15)' 

C-L at 24 C. is 0.1812 B.T.U./lb. F. 
C± at 100 C. is 0.2100 

g;L 1 (1 - (0.21/0.1812)) = 1 + 0.0841T 

VIII. Calculation of t/t': 

t = (t•k1/d1C1R1
2)o=t’(0.618)(l44)/(0.25)(0.1812)(0.21/2)

2 

(62.4)(3600) 

t = 0.08811 t' 

IX. Calculation of g2(T) for Shell 881A catalyst: 

S2 kQ,2 
= R22d2C2k0,l/Ri

2d0,lC0ji = 1.60, 

X. Calculation of mean values of k2/d2C2 and k2 for Shell 

881A.glued. 

= (1.45)(0.6l8)/0.4077 = 2.197 

from Appendix A: 

the minimum value of T for 100 C. level is-0.189 
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from Figure 3: • 

the value of gg is 1.38. 

k
2/
d2c2 = 2.197/1.38 = 1.59 = 1.59/62.4 = 0.0252 ft

2/hr. 

k2 = (1.59)(0.412)(1.95) = 1.26 B.T.U./hr.ft.°F. 

XI. Comparing the heat loss due to radiation to the heat 

loss due to convection: 

assume the pipe walls absorb all the radiation from the 

pyrex cylinder; the view factor is one; and the cylinder 

is one foot long, 

qrad. = 
0 • 173 Aex (100)k- (Tj 100)k) 

from Unit Operations (4): 

e^ is 0.94 

^rad. = *4 B.T.U./hr. 

qConv. = 
hA<Tl “ TA^ = 10,665 B.T.U./hr. 



APPENDIX C 

DATA FOR CALIBRATION OF RECORDER 
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I. Data for calibration 

chart lines 

12.5 

9.75 

18.5 

30.5 

35.5 

32.0 

30.0 

28.5 

26.0 

23.0 

20.5 

18.5 

16.5 

14.75 

The recorder was set 

of the recorder: 

hot temp. - cold temp.°C. 

33 

21 

49 

63 

75 

71 

69 

65 

57 

53 

47 

43 

39 

35 

on 0.1 volts/ chart line. The 

experimental data was obtained with a recorder setting of 

0.05 volts/ chart line. 



APPENDIX D 

COMPUTOR PROGRAM 



00001 
00002 
00003 

oooooooODooooOoOoo 
oooooooOoooopooooo 
OOOOOOOOOOOOOOOOOO 

#/~OQOOOOQ£L00OOO0Q0O0:: 

00007" 
oooio 
000 u 
00012 

FMP 
OCT 

cc*cc+t. 
010037777700Q00000 

000|6 
00017 

TRA 
SLN 
CLA 

LUP+1 
aa 
CCiCC+1 

00023 
0002* 
00025 

4*SH000271 

OCT 00002*130000*00210 00031 
TSR »126/U*t7 00032 

 CLA  CCiCC+1 00033 
0003*1 

?f^:O003i 
gQbOlj 

OCT 00002*130000*00212 00037 
TSR ml26iU*T7 000*0 
CLA CCiCC+l' 000*| 

D*+* 
7000 
CC#CC+1 

000*2 
.000*131 

^-o6b»y 
000*5 
000*6 
000*7 
oooso: 

CN+11 
DA+2 
d5i 0«U-T5 

00061 
00062 
00065 

CN+3 
OA+3 
d2. 0/ U-T5 

00067 
00070 
00071 

CM+7 
CM#U*B3 
OA+l 

00075 
00076 
00077 



RLP T'7 
-U 

FDV 
FAD 
STO 

T6,U-T4 
T7 
RM+B3+1 

00103 
00104 
00105 

IF{ROSISKP 
TRA 
STO 

oom 
00112 
00113 

T7 
STO 
TSR 
SB4iERM 

FN1+B1-1>B4« 
H211 
B3+1 
FN2+BT=;!>B4«»^ 

GN1+B1-1>B4* 
«213 
B3+1 

UOTTT 
00120 
00121 
00122 
00123 

fOO 124 
"00125 
00126 
00127 

SB4#ERM 
STO 
STO 

1+B3 
T^2+B I.UB4-1 
TN1+B3+1 

00133 
00134 
00135 

00137 
00140: 

TSR 
STO 
CLA 

H2I 1 
FM2+B3+1 
CN+4*U-B3 

1483# U*T'4rfr'.-; 

00141 
00142 
00143 
00144 
00145 
00146 
00147 
00150 
00151 



STO 
CL A 
STO 

D2+B3 
TN2+B3 
T02+B3/B3-J 

SB l 
CLA 
FMP 

1 •U-B2 
Q^l+Bl 
C^+2 

00205 
00206 
00207 
00210 
0021 f 
00212 
002TF 
00214 
00215 
UOBl^- 

CLA 
FMP 
FAD 

"t U-.T4 FN1+B 
RM+B1 
FN1+B1 »1 > U FN1+B1-1>U*T5 
?MA 
RP*Bt ' ' • ' 
rNF4gi-»;l^D43'7g 
M41IJRo+i 

00221 
00222 
00223 

MA1+B2+1 •» B2+1 
GNl+Bl 
G01+B1 
ggHffi 

00224- 
00225 
-00226= 
00227 
00230 
00231 

-U STO 
CLA 
FAD 

00232 
00233= 
>00234 
00235 
00236 
00237 
•002410" 

MA1+B2-1 • B2+1 
aZ+Bl 
LA j +2*81+1 

B3 
STO 
IFlzERISKP 
TRA 

00241 
00242- 

CLA 
FAD* 
SB 1 

MAI 
MA1+|#U" 
1  

•T4 
00243 
00244 
00245 

TMl+l>U*T5 
MAl+B2*Bg+| 
MA1+B2/B2+J 
MAl+B2^U-*Ti(. 
MA l +B2-1 * B i + i 
TNi+BTTBH+i 
T4JU-T5‘ 

00246 
00247 
00250 
00251 
00252 
00253 
00254' 
00255 
00256 

t»3-  IFIZERISKP al+21 00257 
TRA LB 1 00260 

T5 FMP CN+3/B2-1 00261 

H210>B2-1 . 

FNl+Bl+t*Bl« 
MA l+62*82-1 
TN1+BUU-»T5 
M?10#B2~1 

00263 
00264 
00265 
00266 
00267 



D2+B1 
T^2+BI 
FNa»Buu*T^ 

00307 
00310 
003 i 1 

FAD- 

IF(NEG)TRA 

CMJOT7 
CN+ | I 
FLP--I 

00375 
00376 
00377 

TRA 
CLA 
IFINEGISKP 

LAP+2 
CN+|/U*T4 
DA+5 

00^03 
00404 
00405 



TR» 
CU 
FMP 

LAP+t 
d2. 0#U*T4 
CN+t 

00411 
00412 
00413 

SLF 
IF1SLNISKP 

A40000 
aaoooo 

00420 
00421 

CLA 
STO 
[Fl'POS )SKP 

CN+5/B5+1 
7000+B5 

170 

00441 
00442 
00443 


