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ABSTRACT

The Thomas method (1) fo r determining the thermal con­

ductivity o f  so lid  materials can be used for the determination 

o f the thermal conductivity o f granular materials. In this 

thesis this method has been used to  determine the e ffe c t  o f 

the granular size o f sand cn it s  thermal conductivity.

River sand was c la ss ified  according to s ize  by the Tyler 

Standard Screen Scale into 50— 60, 50 —80, 80 —100 ,

100 — 200, and below 200 mesh s ize . These sands were used fo r 

the experiments. The clay was separated from these samples to 

obtain pure r ive r  sand fo r  the experiments.

According to  the International C ritica l Tables, the 

thermal conductivity o f sand, k, is  between 0.1728 and 0.2212 

Btu/hr-ft-°F in the range o f  32 - 320°F. In the experiments 

performed, a temperature range o f 80 -  150°F was used, and the 

results obtained were close to  the reported values. The 

e ffe c t iv e  thermal conductivity increased fo r  the f i r s t  three 

samples o f  50—60, 60 —80, 80 —100 mesh size o f the Tyler

Standard Screen Scale, but i t  decreased fo r the last samples 

o f the very fine granular sand, 100 — 200 , and below 200 mesh 

s ize .

The experiments were performed under atmospheric pressure 

without convective currents.

The purpose o f these experiments was to  determine the



e ffe c t  o f the granular size o f  sand on the thermal conductivity. 

The results obtained regarding very small grain size were o f 

particular interest.

The results are expressed in  Table 7 and Graph 8.
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NOMENCLATURE

c Specific heat, Btu/lbm-°F.

0^ Average diameter o f packing material, f t .  

hyg Heat transfer coeffic ien t fo r  radiation, so lid  to  so lid , 

Btu/hr-ft^-°F.

Heat transfer coeffic ien t fo r radiation, void to void, 

Btu/hr-ft2- 0 F.

K Ihenral d iffu s iv ity , f t 2/hr.

k Thermal conductivity, Btu/hr-ft-°F.

ke0 E ffective thermal conductivity o f packed bed,

Btu/hr-ft-°F.

kg Thermal conductivity o f flu id , Btu/hr-ft-°F. 

ks Thermal conductivity o f  packing iraterial, Btu/hr-ft-°F. 

q Heat flux per unit area, Btu/hr^ft2.

r  The polar coordinate radius, f t .

R The inside radius o f the inner tube, f t .

T Temperature, °F.

Tc Temperature at the oenter of specimen, °F.

T Temperature at the surface o f specimen, °F.
o

t  Tine, hr.

w Heat capacity, Btu/ft2-°F.

0 Fraction void.

Ratio o f the average length between the centers o f 

two neighboring solids in the direction o f heat flew 

to the mean diameter o f particles.



X

"Y Length o f so lid  a ffected by thermal conductivity per mean 

diameter o f so lid .

E ffective  thickness o f  so lid  film  in void in relation 

to thermal conduction per mean diameter o f so lid .

€ Emmssivity o f so lid  surface.



I . INTRODUCTION

The object o f this thesis is  to  determine the e ffe c ts  

o f the granular size cn the thermal conductivity o f fine 

sand.

Many scientists and engineers have been interested and 

worked on the thermal conductivity o f  packed granular mate­

r ia ls  fo r  the last six ty  years. None has reached any accurate 

mathematical formulation o f concepts because o f the unknown 

e ffec ts  on the e ffe c t iv e  thermal conductivity o f packed 

beds. Experimental research has shown that the analytical studies 

o f several authors were not en tire ly  satisfactory, (/'dditional 

experiments were conducted here on sand with smaller grain s ize  

than in previous experiments by other investigators.) Before any 

conclusions can be reached, i t  is  necessary to know the physical 

properties and the environmental conditions o f the packed materials. 

Among these properties are grain s ize , grain uniformity, grain 

shape, material and its  thermal properties, porosity, etc.

In addition i t  is  neaessary to  know the flu id  in the pore 

space, it s  physical and thermal properties, and permeability 

o f the packed granular material. I t  was observed from the 

experiment that the results obtained on humid days were 

s ligh tly  d ifferen t than the others. Hence, i t  is  very necessary 

that the experiment be conducted without presence o f  moisture 

and under uniform environment. Decreasing the porcsity by 

compressing the granulae has a larga e f fe c t  on the e ffe c t iv e  thermal



conductivity. The experiments in this thesis were performed in 

lew moisture content weather in the Mechanical Engineering 

Laboratory, and the packing was prepared by shaking the ap­

paratus with horizontal hand strokes cn the side o f the tube. 

Uniform conditions o f  weather and packing were maintained 

during the experiment and data taking.

The granular material used was r ive r  sand graded and 

c la ss ified  as to fineness by a Tyler Screen Scale in to  fiv e  

sizes. The la s t two, or smaller, sizes o f sand samples were 

washed and screened to remove any trace o f clay and s i l t  that 

nay have been present.

YagL and Kunii's (3 ) equations were used as an analytical 

approach fo r the purpose o f comparison and better understanding 

fo r  the theory involved.
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I I .  LITERATURE SURVEY

Engineers and scientists have been interested in the 

thermal conductivity o f many materials. In sene instances 

a high thermal conductivity is  desirable and values as hig^i 

as 260 Btu/hr-ft-°F, in the case o f metals, are o f in terest.

For the purpose o f insulation, values o f  thermal conductivity 

o f  0.025 Btu/hr-ft-°F, in the case o f cork, are desirable.

Both composite and purest materials are o f in terest, although 

they give some d ifficu lty  in determining their thermal con­

ductivity. Perhaps this is  due to  variations in pore size 

and shape, and permeability, and to the nature o f the con­

tacts between grains or partic les.

A. EXPERIMENTAL METHOD

Ihe determination o f  the thermal conductivity o f the 

naterial is  generally conducted using the following methods:

(1) a steady state temperature distribution (2 ) a constantly ris ing  

temperature on a constant temperature gradient resulting from a 

constant heat input. The second method was used in  this thesis.

In the Vemotta method fo r  determining the conductivity 

a constant heat flux through a uniform slab can be produced. From 

the temperatures at each face and the quantity o f heat flew the 

thermal conductivity can be determined. There i s ,  however, a 

physical d if ficu lty  in preventing heat flux at the edges o f the slab.

Yagi and Kunii (3 ) used an experimental method which 

involves a long duration o f  tine and a large ness o f material
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fo r the measurement o f  e ffe c t iv e  thermal conductivity in 

packed beds with motionless a ir . The granular material was 

packed in a cylindrical device, and heat applied to the sur­

face by means o f  e le c tr ic  resistance heaters. A fter about 

three to s ix  hours, the temperature rose at a uniform rate at 

a l l  rad ii. Knowing the temperature, the rate o f temperature 

r is e , weight o f  the materials, spec ific  heat, and heat input, 

the thermal conductivity was determined.

In the Thomas method (1 ),  thermal conductivity o f  granu­

lar materials is  determined by measuring the temperature changes 

at the center and surface o f a metal cylinder containing the 

material. Heat is  supplied to the cylinder wall at a constant 

rate by a resistance winding, and surface heat loss is  

eliminated by an outer screening tube kept at the same tem­

perature as the container o f the granular material by manual 

or automatic control. The material is  plaoed in the thin 

walled metal cylinder o f the apparatus cn which there is  a re­

sistance winding R .̂ The wall is  heated a t a constant rate by 

the current in the winding (resistance R^, Figure 1). The tem­

perature measurements are made by three thermocouples; one at 

the aenter o f the inner cylinder, cne attached to the inner 

surface o f the inner cylinder, and the other attached to  the 

inner surface o f  the outer cylinder. Taking into account the 

heat capacity o f  the w a ll, the mathematical theory shows that 

when the surface heat flux is  uniform the temperature d if fe r ­

ence between the center and the surface fin a lly  becomes a con­

stant, and the rate o f  r ise  o f  temperature is  the same every­

where within the cylinder; that is ,  at a l l  rad ii.



Heat from the cylinder winding ( resistance R-̂  ) is  

dissipated both by conduction into the in ter io r and by con­

vection, ccnducticn, and radiation to its  external sur­

roundings. I f  the heat loss is  eliminated due to the external 

surrounding, the heat flux through the material can 

be determined. In order to eliminate the heat less due to 

the external surroundings» the temperature o f the inner face 

o f tiie outer tube is  kept at the same temperature as the 

surface o f the inner tube by manual control o f the resistance 

R2 over the outer tube, Figure 1.

Eliminating the external heat losses, and supplying 

the inner tube with constant and known heat flux, the tem­

peratures at the wall o f the inner cylinder, and at the 

center are recorded against time. Ps a result the two curves, 

the wall temperature, and the central temperature o f the 

inner tube versus time, are almost linear and para lle l to 

each other. The reason fo r  this is  the small change o f 

thermal conductivity o f  the specimen ( sand ) with temperature 

which can be assumed as a Constant. This helps in  sim plifying the 

mathematical solutions.

The temperature distribution along the vertica l axis in  the 

tube is  practica lly uniform but, as can be seen from experimental 

results, there is  no perfect uniformity. The temperature in  the 

middle is  s ligh tly  less than the temperatures near the ends.



I f  long tubes are used, these e ffec ts  become smaller. In these 

experiments i t  is  better to  record the middle temperatures 

because i t  is more lik e ly  that there is  one dimensional heat 

transfer a t the middle than at the ends o f the tube. ^ T / S x «0  

at the middle, and therefore there is  one dimensional heat 

transfer there.

By choosing the right points to  record the temperatures, 

and proving by experiments that the temperature distribution 

along the vertica l axis is  very close to uniformity. I t  can be 

assumed there is  cne dimensional heat transfer. The formula 

according to Fourier can be set up for the case o f symmetrical 

radial heat flew ; the d iffe ren tia l equation is :

d 2T/dr2 + (1/r) Q T / d r )  = (1/K) ( d T / d t ) . . . .  (1)

where:

T : the temperature, °F

r  : the polar coordinate radius, f t .

K = k/cp

k : the thermal conductivity, Btu/hr-ft-°F

c : the sp ec ific  heat, Btu/lb -°Fm
p  : the density, lb /f t 2

t  : the time, hr.

When r  = R

q = K (d T / 0 r )  + w (^ T / ^ t )

6

(2)
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where:

8

q : the heat flux, Btu/ft^-hr.

w : the heat capacity per unit area o f  the cylinder 

w all, Btu/ft2-°F

Since the tube walls are thin and good heat conductors, 

the temperature difference between the faces o f the wall is  

snail, and for these reasons, the e ffec ts  o f  the tube can 

be neglected. The solution o f  equation (1) is  given in the 

appendix o f this thesis. I t  was determined by Thomas (1) 

to be:

(3)

(4)
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Q T / d t )  = (2Kq) / (2Kw + k R ) ........................................... (5)

Using (*+) and (5 );

K = [R2 O T  /3 t)]/U  (T -  T ) ........................................... (6)o C

Using (^) and (6 );

k = R[q -  w C dT/dt )]/2 (Tg -  Tq) , Btu/hr-ft°F. . . .  ( 7)

This gives the value o f  thermal conductivity, k , as desired.

( 3T/ d t )  is  Hie slope o f the time-temperature curve in 

°F/hr.
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B. ANALYTICAL METHOD

Granular materials are frequently the basis o f heat 

insulation materials. No en tire ly  satisfactory theoretical 

basis has yet been found fo r  the advance prediction o f the 

thermal conductivity o f a granular material o f known composition.

Many attempts have been made fo r  d ifferen t cases and materials.

I f  the heat transfer across the a ir  spaoes in a granulated 

material was by conduction alcne, the e ffe c t iv e  conductivity would 

be independent o f the linear size o f the grains for geometrically 

sim ilar grain structures. "The e ffe c tiv e  conductivity would not 

be proportional to  the conductivity o f the grain material unless 

the ratio  o f  the conductivity o f the a ir  to that o f  the grains 

were constant" (4 ). The points o f contact o f the grains are o f 

immeasurable dimensions, whereas, in  most granulated materials, the 

surfaces o f  contact axe extremely small and the intervening a ir  plays 

a very important part in the conduction o f heat through the system.

Yagi and Kunii (3) found that there are seven processes 

in the heat transfer in granulated materials. The processes 

are:

Heat transfer mechanism independent o f  flu id  flow

1. Thermal conduction through a so lid ,

2. Thermal conduction through the contact surfaces
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o f  two partic les,

3. Radiant heat transfer between the surfaces o f  two partic les,

4. Radiant heat transfer between neighboring vo ids,

Heat transfer mechanism dependent cn flu id  flow

5. Thermal conduction through the flu id  film  near the contact 

surfaces o f  two pa rtic les ,

6. Heat transfer by convection, so lid -flu id -so lid ,

7. Heat transfer by la tera l mixing o f flu id , Figure 2.

In the case o f the two dimensional model shown in Figure 3, 

mechanism 5 is  calculated theoretica lly , and nearly a l l  o f 

the heat flows through the thin film  near the contact points or 

surface o f the two solids. Therefore the e f fe c t  o f  the flu id  flow 

by mechanism 5 is  small because the fine in terstices near the 

oontact surfaces are embedded in the boundary layers except in  the 

case o f large Reynolds number. Mechanisms 1, 3, 4, and 5 are predominant 

when the Reynolds number is  small because the boundary layers around 

the particles are thick compared with the distance between grains. 

Mechanism 7 controls the heat flow vhen the Reynolds number is  large, 

therefore, mechanism 6 only s ligh tly  a ffects the to ta l rate o f  heat 

flow. The theoretical heat transfer equations show that the e ffe c ts  o f 

ccnvectional heat transfer mechanism so lid -flu id -so lid  are small at a l l  

Reynolds numbers; therefore the authors assume (3 ):

I .  Thermal conduction through the thin film  o f flu id  near 

the contact surfaces is  not a ffected by flu id  flew ,

I I .  Ihe ccnvectional heat transfer mechanism so lid -
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Figure 2, A model of heat transfer in packed beds 

showing the mechanisms, (2 ).

Figure 3. Two dimensional model of heat transfer

through the flu id  film in the void of the 

packed bed.
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flu id -so lid  is  less important than Hie other mechanisms and can 

be safely neglected.

From YagL and Kunii’ s (3 )  d e s c r ip t io n s  o f  th e  h ea t t r a n s fe r

mechanisms in packed beds without flowing flu id , as shown in 

Figure >+ and 5, the heat transfer mechanism in the series having 

the thermal conduction in  the so lid  phase arise in the fraction (1 -  9 ) 

o f  the sectional area C -  C' therefore the radiant heat is  transferred 

from one void to another through the fraction 9 o f the sectional area.

The heat transfer coeffic ien t o f thermal radiation is  found by 

the equations (8a ), (8b ), (9a) and (9b). I t  is  assumed the two voids 

A and B are respectively represented by the two para lle l surfaces 

o f black body A* and B’ near -the section C -  C  as shewn in Figure 4.

The coeffic ien ts from so lid  surface to so lid  surface

(8a)

(8b)

from void to  void

Where:

h : heat transfer coe ffic ien t fo r  radiation so lid  to  so lid  rs
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h jv : heat transfer coeffic ien t fo r  radiation, void to void 

£ : the eraissivity o f the so lid  surface

9 : the fraction void

Then the over-a ll heat transfer rate q is  formulated as 

equation (10) by application o f a model o f heat transfer in a 

packed bed with motionless flu id  as shown in Figure 5.

(10)

(11a)

(11)

------= (NAx) (1/h ) ........................................... (12)
Uv

Where:

y  = J2g/Dp, length o f so lid  a ffected by thermal 

conductivity/mean diameter o f so lid . I t  is  

p ractica lly  unity.

S : to ta l area o f perfect contact surfaces as 

so lid  phase in  sectional area o f section 

C -  C' /sectional area o f section C -  C '.

= I v/D? , e ffe c t iv e  thickness o f flu id  film

in the void in relation to  thermal conduction/ 

mean diameter o f  so lid , Graph 1.
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U : over'-all heat transfer coe ffic ien t from so lid  surfaoes

to so lid  surface.

Uv :

4  ■

; over-a ll heat transfer coe ffic ien t from void to void 

: e ffe c t iv e  length o f so lid  relating to  thermal 

conduction.

4  *: e ffe c t iv e  thickness o f  flu id  film  adjacent to contact 

surface o f two so lid  partic les .

N = 1/ip, number o f  solids in the unit length o f packed 

bed, measured in the direction o f heat flow.

4  *: e ffe c t iv e  length between the centers o f grains.

keo :: e ffe c t iv e  thermal conductivity o f the packed bed with 

motionless flu id .

ks :: thermal conductivity o f the packing material.

kg :: thermal conductivity o f the flu id .

From equations (10 ), (11 ), and (12), the equations for 

d ifferen t cases are:

General equation

In the case o f gas -filled  voids
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In the case o f vacuum only

(14)

(15)

In the case o f fine particles with motionless gas f i l le d  vo id s

(16)

* for practical purposes can be assumed as 

approximately unity.
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I I I .  APPARATUS

As can be seen from Figure 6, an inner aluminum tube 

1-1/16 inches diameter, 9-15/15 inches lcng, and 3/32 inch wall 

thickness was used. The outer aluminum tube is  1-7/8 inches in 

diameter, and 13 inches lcng. TWo wooden blocks were used to hold 

the tubes concentric and close the ends. Nichrome resistance 

wire was wound on both tubes with 10 turns p e r  inch, 

a fte r  iso la ting  the surface o f the tubes with a plastic band 

from the wire. Eleven thermocouples were insta lled  as shown in 

Figures 1 and 6. The apparatus was mounted cn a wooden base.

The two heaters supplied alternating current, and the 

input was controlled by two variable auto-transformers.

An electronic recording potentiometer was used to record 

the temperature distribution. In order to eliminate the e ffe c t  

o f the induction due to the windings cn the readings, two 

2 mfd capacitors were used between the positive lead o f  the thermocouples 

and the ground; and between the inner tube wall and the ground,

Figure 1. Another ordinary potentiometer was used to control 

the input o f the heater to  the outer tube. Thus a temperature 

equilibrium between the inner and outer tube surfaces could be

obtained



21

IV  o EXPERIMENTS

A fter adjusting the input power o f the inner tube heater, 

and choosing a less huirid day, the inner tube was f i l l e d  with 

the material to  be tested. The temperatures at the center, and 

at the inner surface o f the inner tube were measured by the 

electron ic recording potentiometer. The temperatures at the inner 

surfaces o f the inner and outer tubes were measured by the ordinary 

potentiometer. The in it ia l  temperature was set as th e zero  rea d in g  on 

the electron ic recording potentiometer. Then both o f  the 

auto-transformers and the recording paper band o f the electronic 

recording potentiometer were switched cn to  start the operation.

The temperatures o f the inner walls o f  the inner and outer 

tubes were read, and to maintain the tenpenature equilibrium 

between the two, the e le c tr ic  power supply to the outer tube 

through the heater was manually adjusted. At the same tine 

the switch box was manually changed every 45 seconds between the 

central thermocouple and the one attached to the inner surface 

o f  the inner tube, Figure 1. A single experiment usually took 

th irty -s ix  minutes. The data obtained was tabulated, and the 

temperature distribution was plotted. A copy o f one o f the 

recorded papers is  submitted with each copy o f  this thesis.
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Temperature Distribution Control Along 

the Vertica l Axis

For th is experiment the electron ic recording potentiometer 

was used, and the temperatures a t d ifferent points para lle l to  

the vertica l axis were recorded, There was no measurable 

temperature difference between the two sets o f points, so 

the assumption concerning single dimensional heat transfer in  the 

apparatus is  proved, Graph 7.
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TABLE 1

Data fo r sand

Sample No. 1 2 3 4 5

Sand size 
between Tyler 
Standard Screen 
Scale Mesh

50-60 60-80 80-100 100-200
Below
200

Sand size 
between sieve 
openings 
in indies

from
0.0098
to
0.0116

from
0.0070
to
0.0098

from
0.0059
to
0.0070

from
0.0029
to
0.0059

from
0.0005
to
0.0029

Average diameter 
o f sand particles 
Dp, in inches

0.0107 0.008H 0.0065 0.004U 0.0017

Porosity, 9 0.379 0.371 0.358 0.392 0.352

* ,
<P

0.032 0.0305 0.029 0.033 0.028

* (p taken from Graph 1
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TABLE 2

S a m p le  N o . 1

D a ta  f o r  t h e  p l o t  o f  t e m p e r a t u r e  a s  a  f u n c t i o n  o f  t i n e

Tine Temp. Tc Temp. Ts j Time Temp. Tc Temp. Tb
in in in  ! in in in

Minutes °F °F Minutes °F °F

0 76.4 76.4 20 10 8.7 115.8

1 76.4 79.4 21 110.5 117.6

2 76.9 81.9 22 112.3 119.4

3 77.9 83.9 23 114.2 121.2

4 79.3 85.9 24 116.0 123.0

5 81.0 87.9 25 117.7 124.7

6 82.9 89.9 26 119.5 126.5

7 84.7 91.9 27 121.3 128.3

8 86.6 93.9 28 123.1 130.1

9 88.5 95.9 29 124.8 131.9

10 90.4 97.7 30 126.6 133.6

11 92.3 99.5 31 128.4 135.4

12 94.0 101.3 32 130.3 137.3

13 95.9 103.2 33 132.1 139.1

14 97.8 105.1 34 133.9 140.8

15 99.7 106.9 35 135.7 142.6

16 101.5 108.6 36 137.4 144.4

17 103.3 110.4 37 139.3 146.2

18 105.1 112.2

19 106.9 114.0
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TABLE 3

S a m p le  N o . 2

D a t a  f o r  t h e  p l o t  o f  t e m p e r a t u r e  a s  a  f u n c t i o n  o f  t i n e

Time Temp. Tc Temp. To j Time Temp. Tc Temp. Tg

in
Minutes

in
°F

in  | 
°F ^

in
Minutes

in
°F

in
°F

0 76.4 76.4 \ 20 109.7 116.4

1 76.4 79.4 21 111.6 118.2

2 77.2 81.8 j 22 113.5 120.2

3 78.4 83.9 23 115.4 121.9

4 79,9 85.9 24 117.2 123.6

5 81.5 88.0 25 118.9 125.4

6 83.4 89.9 26 120.6 127.2

7 85.2 91.9 27 122.4 129.0

8 87.1 93.9 28 124.3 130.8

9 89.1 95.9 29 126.1 132.5

10 91.0 97.8 30 127.9 134.3

11 92.9 99.6 31 129.6 135.9

12 94.8 101.4 32 131.4 137.9

13 96.8 103.4 33 133.4 139.8

14 98.6 105.3 34 135.3 141.6

15 100.4 107.1 35 137.0 143.4

16 102.2 108.9 36 138.8 145.2

17 104.0 110.7 37 140.5 146.9

18 106.0 112.6

19 107.9 114.4
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TABLE 4

S a n p le  N o . 3

D a ta  f o r  t h e  p l o t  o f  t e n p e r a t u r e  a s  a  f u n c t i o n  o f  t i n e

Tine

in
Minutes

Temp. Tc
in
°F

Tenp. Ts j

in j 
°F

line

Minutes

Temp. Tc
in
°F

Tenp. T s
in
°F

0 78.4 78.2 20 111.8 118.0

1 78.4 81.2 21 113.6 119.8

2 79.2 83.4 22 115.4 121.6

3 80.4 85.7 23 117.2 123.4

4 82.0 87.7 24 119.1 125.3

5 83.7 89.7 25 121.0 127.1

6 85.4 91.7 26 122.8 128.9

7 87.2 93.6 27 124.6 130.7

8 89.2 95.5 28 126.4 132.5

9 91.2 97.4 29 128.2 134.3

10 93.2 99.4 30 130.1 136.1

11 95.1 101.4 31 131.9 138.0

12 96.9 103.2 32 133.7 139.8

13 98.8 105.2 33 135.5 141.6

14 100.7 107.1 34 137.3 143.3

15 102.6 108.9 35 139.0 145.0

16 104.4 110.7 36 140.7 146.8

17 106.2 112.5 37 142.4 148.5

18 108.1 114.3

110.0 116.219
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TABLE 5

S a n p l e  N o . 4

D a t a  f o r  t h e  p l o t  o f  t e i r p e r a t u r e  a s  a  f u n c t i o n  o f  t i i r e

7:
Time Temp. Tc Temp. Ts j Time Temp. Tc Temp. T,

in in in i in in in
Minutes °F °F

•

Minutes °F °F

0 76.6 76.6 | 20 109.8 117.0

1 76.6 79.7 21 111.7 118.8

2 77.2 82.2 22 113.6 120.7

3 78.5 84.5 23 115.5 122.6

4 79.9 86.6 24 117.3 124.5

5 81.6 88.6 25 119.1 126.3

6 83.4 90.5 26 120.8 128.0

7 85.1 92.5 27 122.6 129.7

8 87.1 94.4 28 124.5 131.6

3 89.0 96.4 29 126.3 133.4

10 30.9 98.3 30 128.1 135.2

11 92.7 100.1 31 129.9 136.9

12 94.6 102.0 32 131.6 138.6

13 96.6 103.9 33 133.5 140.5

14 98.5 105.8 34 135.3 142.2

15 100.5 107.7 35 137.0 144.0

16 102.4 109.6 36 138.8 145.7

17 104.2 111.5

18 106.1 113.4

19 108.0 115.2
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TABLE 6

S a n p l e  N o . 5

D a ta  f o r  t h e  p l o t  o f  t e m p e r a t u r e  a s  a  f u n c t i o n  o f  t i n e

Time Tenp. Tc Temp. Ts j line Tenp. Tc Tenp.

in in in in in in
Kinutes °F °F ' °F °F °F

0 70.7 70.7 20 104.5 111.5

1 70.7 74.0 21 106.5 113.4

2 71.5 76.5 | 22 108.6 115.6

3 73.0 78.8 ; 23 110.5 117.5

74.3

00•
o00 24 112.5 119.4

5 76.0
00•
CNCO 25 114.5 121.5

6 77.8 84.7 | 26 116.6 123.4

7 79.7 86.7 27 118.7 125.5

8 81.5 88.6 28 120.6 127.4

9 83.4 90.4 29 122.5 129.4

1° 85.2 92.2 30 124.2 131.0

11 87.0 93.9 31 126.0 132.8

12 88.9 96.0 32 127.8 134.7

13 90.8 97.8 33 129.7 136.6

14 92.6 99.6 34 131.6 138.5

15 94.6 101.6 35 133.6 140.4

16 96.6 103.5 36 135.6 142.3

17 98.6 105.5 37 137.4 144.2

18 100.5 107.5

19 102.6 109.5
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V. CALCULATIONS

1 . Calculations fo r  th e  experim en t

Equation 7 was used in the calculations for the experim en t. 

Where:

q is  the heat input which was 100.8 Btu/hr-ft2 fo r  a l l  

samples

w is  the heat capacity o f  the apparatus, 0.316 Btu/°F-ft2.

R is  the inside radius o f  the inner tube, 0.0443 f t .

5 T/ B t and Tg - Tc are given fo r  each sample with the time- 

temperature graphs.

Ihe results are given in Table 7.

2. Analytical calculations

A ll the samples were o f fine grade sand packed in  a bed 

with stagnant a ir ; therefore equation 16 was used, and p  = 1 

assumed.

The thermal ccnductivity o f the stagnant a ir , k , was
o

selected as 0.0164 Btu/hr-°f fo r the mean temperature o f 135°F, 

ks = 1.075 Btu/hr-ft°F 

The results are given in Table 7.
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TABLE 7

Comparison o f  experimental and analytical results

Sample
No.

Sand size  o f  
Tyler Standard

Experimental 
Thermal 
conductivity 
in Btu/hr-ft-°F

Analytical 
thermal 
conductivity 
in Btu/hr-ft-°F

1 50 - 60 0.2152 0.2155

2 60 - 80 0.2266 0.2254

3 80 -  100 0.2427 0.2379

4 100 -  200 0.2132 0.2066

5 200> 0.2101 0.2455
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VI. CONCLUSIONS

1. In the f i r s t  three sand samples ( 50 —60,

-60 “  80 , 80 —100 Darticle sizes o f ly ie r  Standard Screen

Scale mesh ) ,  the analytical and experimental results were 

close to each other, and the ratios o f  the difference between 

the experimental and analytical results to  the experimental thermal 

conductivities were 0.0014, 0.0053, and 0.0198, respectively. Ihe 

thermal conductivities o f the above samples increased as the granular 

s ize  o f sand decreased.

2. In the fourth sample ( 100—200 o f Tyler Standard

Screen Scale mesh ) ,  the experiment showed that the analytical

and experimental results were not as close to each other as were the 

f i r s t  three samples. The ra t io  o f  the difference between the 

experimental and analytical results to the experimental thermal 

conductivity was 0.031. The thermal conductivity decreased fo r  the 

fourth sample whereas i t  increased fo r  the f i r s t  three samples.

3. In the f i f th  sample ( smaller than 200 o f Ty ler 

Standard Screen Scale mesh ) ,  the analytical and experimental 

results obtained were completely d ifferen t. The analytical 

resu lt was considerably higher than the experimental resu lt,

0.2455 and 0.2101 Btu/hr^ft- F, respectively.
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4. As can be seen from the experimental results o f the fourth 

and f i f th  samples, the analytical method of Yagi and Kunii (3 ) cannot 

be applied for very fine particles.

5. The experiment shewed that the temperature gradient, 

and the differences between the temperatures at the center and 

at the w all s ligh tly  decreased when the temperature o f the

system was increased* Therefore, the e ffe c t iv e  thermal conductivity 

was not actually a constant, but instead i t  increased with 

temperature. The results which were obtained in this thesis 

are va lid  fo r the temperature range o f 80 -  150°F.
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APPENDIX

HIE SOLUTION OF THE PARTIAL DIFFERENTIAL EQUATION 

FOR SYMMETRICAL RADIAL HEAT FLOW 

The d iffe ren tia l equation is

( ^ T / d r 2) + < l/ r )(d T / d r ) = (1/K)( d T / ^ t ) ......................<1)

using Laplace transform

L(u) = u = I e-ait f ( t )d t  
Jo

The Laplace transform o f the equation is  

(d^u/dr^) + (l/r)(du/dr) = (1/K)(uu) 

substituting u/K = a2

(d2u/dr2) + Cl/r)(du/dr) - a^u = 0  . . . . .  (17)

The solution by the zero-order Bessel equation is

u = AI0 (ar) + BK0 (ar) ......................(18)

since r  = 0 

Ko = 0,0

Then the solution is

u = AIo (ar) . . . . .  (19)

For equation

q = k (dT/ h r ) + w( dT/ &t) ......................(2 )

using Laplace transform

k(du/dr) = (q/u) -  wuu 

substituting value o f u

k[dAIo(ar)/dr] = (q/u) = wuAIo(ar)

ALkaI1(ar) + wul0(a r ) ] = q/u 

at r  = R

A = (q/u)CkaI^(aR) + wuIQ (aR) ] ( 2 0 )
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then

u = q [ I 0(ar)j/utkal^aR ) + wu I 0(aR )] 

by using the Inversion Theoren

rT +  ̂ Io (p r )e  A

• • • •

• • • •

where p2 = X/K.

The integrand o f Equation (22) has a double pole at 

A = 0 and single poles at the roots o f

kal-^(pR) + w X l0(pR) = 0 .

Since Io  and 1  ̂ in  the Equation (23) are positive 

functions, i t  follows that a l l  the roots are negative and 

consequently, the terns in T corresponding to  these roots 

contain a negative exponential which tends to zero as t  

increases.

On expanding the various functions o f the Equation (23) 

in  power series , and taking the lim it  A ♦  0, i t  is  found 

that the residue is

q f  , r2 R2 (4Kw + kR) 1 / (w + kR/2K)T = FrrT I t + —m ~ w C2Kw t'm....J
And by Cauchy residue theorem i t  follows that equation 

nu ltip lied  by 2IT i  is  the term in T corresponding to A = 0.

Thus,

. (21) 

. ( 22)

. (23)

(24)

(25)
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