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Granular material in general has lower thermal conductivity than solid material. This is due to the limited
contact between particles and the presence of air gaps. In the present study, a cylindrical heat exchanger
is utilized to obtain temperature versus time response at the central location for a step change in wall
temperature. Steel balls in spherical form are studied for estimation of effective thermal conductivity.
Particle sizes studied are 12 mm, 8 mm, 4 mm, 3 mm, 2 mm and 1 mm. It is anticipated that a consider-
able variation in thermal conductivity would be obtained over this size range of particles. The governing
equation for unsteady heat conduction in cylindrical co-ordinates incorporates the thermal diffusivity as
a parameter. Hence, an analytical solution to the temperature dynamics is obtained by guessing the value
of thermal diffusivity and it is used as predicted profile. The guess value of thermal diffusivity is varied
and the standard deviation of error between experimental and predicted temperature profiles is
minimized to find the optimum thermal diffusivity value. Later, the thermal conductivity of granular
material is calculated using the definition of thermal diffusivity which involves density and specific heat
capacity also. The overall temperature-time profile in dimensionless form is again compared to evaluate
the deviations if any. The present results of effective thermal conductivity are also compared with
prediction by Bruggeman'’s equation for granular material.
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1. Introduction

Granular material by definition consists of small particles of a
solid material of various forms such as simple spheres to ellipsoids
to complicated porous clusters. We find granular material in
various industrial processes in manufacture of products such as
catalysts, oxides and fertilizers. More than as products the granular
material finds application in raw material form for manufacture of
various products in chemical industry. For instance food products
in the form of powder are obtained by roasting (thermal heating
of seeds) and crushing. There are other applications of heat transfer
through granular material in processes such as fluidized bed dry-
ing. It is important to understand the heat transfer across a granu-
lar layer in contact with a heated metal surface like in the case of
calciners [1]. The vast published literature analysis signifies the
importance of heat transfer in granular media for industrial pro-
cesses in applications as diversified as powder metallurgy, chemi-
cal reactors, food technology and thermal insulation [2-7].
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Thermal conductivity or thermal diffusivity is an important
property of any material used in designing a thermal process.
Granular materials have a thermal diffusivity or conductivity much
less than that of pure solids due to inclusion of air in the voids
between the particles. Thermal contact resistance is another factor
responsible for low thermal conductivity of granular material. For
instance, if the granular material is in the form of spheres then
mathematically there can be only a point contact between the
neighboring granular particles. Nevertheless no natural process
or manmade processes can procedure perfectly spherical granular
particles and therefore there will be a finite contact area at molec-
ular scale between the neighboring granular particles. Also packing
of granular material can be random and therefore a model devel-
oped assuming symmetric packing may predict unusual results
for effective thermal conductivity of granular medium [8-11].

The air present in the voids of granular material is susceptible to
natural convection which in turn is found to lead to instabilities in
temperature profiles due to interaction between hydrodynamics
and heat transfer by thermal conduction.

In this paper, an experimental approach is presented to deter-
mine the effective thermal conductivity of granular material (steel
balls) for various particle sizes. The results are compared with the
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Nomenclature

[ specific heat capacity of the medium (J/kg K)

d, particle diameter (m)

kesr effective thermal conductivity (W/m K)

ke thermal conductivity of interstitial fluid (W/m K)

ke effective thermal conductivity of granular material
(W/mK)

r, 0 and z cylindrical coordinates

re dimensionless radius (= r/R)

R radius of the inner tube (m)

So volumetric heat generation (W/m?)

t time (s)

t* dimensionless time (=0 t/R?)

T temperature (°C)

Texpt experimental temperature (°C)

Tpred predicted temperature (°C)

T wall temperature (°C)
T, initial temperature (°C)

Greek symbols

OLeff effective thermal diffusivity (m?/s)
v void fraction (dimensionless)

(€] dimensionless temperature

0 density of the medium (kg/m?)
Subscripts

e granular material

eff effective

f interstitial fluid

s pure solid

Bruggeman'’s correlation and found to be of similar variation with
respect to particle size but quantitatively differing by a small per-
centage [12,13].

2. Experimental studies
2.1. Description of apparatus

Fig. 1(a) shows the schematic diagram of the experimental
setup used for determining the effective thermal diffusivity of
granular material samples shown in Fig. 1(b). It consists of a
vertical double pipe heat exchanger. The inner tube is sealed at
the bottom so that the granular material could be filled in this
inner tube. The inner tube has a diameter of 50 mm and height
of 300 mm. The outer tube has a diameter of 75 mm and height
of 250 mm. Both inner tube and outer tube are made of stainless
steel SS304 and have a thickness of 1 mm. The space between inner
tube and outer tube forms an annulus. The heat exchanger is
designed in such a way that the hot oil flows through the annulus.

(a) Thermocouple ——

Granular material &

Pump Bypass
- B [ —
LIOO Temperature
Double pipe heat exchanger Indicator
1 )
| m—
Hot Oil @E®
Bath

(b)

Fig. 1. (a) Schematic diagram of experimental setup and (b) steel balls used.

The hot oil is supplied from a hot oil bath where the oil tempera-
ture is maintained constant with the help of an electric heater con-
trolled by on-off control method. The hot oil bath has a stirrer and
a pump is connected to it to circulate oil continuously through the
annulus of the heat exchanger. The circulation rate of hot oil is
adjusted with the help of a bypass valve in order to have a minimal
change of oil temperature between inlet and outlet of outer tube of
heat exchanger. The reason for including a bypass valve as shown
in the schematic diagram Fig. 1(a) is to avoid excess flow rates of
hot oil through the shell causing leakage at clamps and pipe fit-
tings. The temperature drop of hot oil between inlet and outlet
of the shell of the heat exchanger has to be minimum possible so
that the oil bath temperature could be taken as the wall tempera-
ture for the transient heat transfer process. To achieve this, a mod-
erate hot oil flow rate is maintained. The drop in temperature of oil
can be calculated as ATy = m; Cps (dTs/dt)[mey Cy_on Where my is the
mass of granular steel, the mass flow rate of oil is my; kg/s, Cps is
the specific heat capacity of steel balls, C, ,; is the specific heat
capacity of oil and dT;/dt is the average initial rate of increase in
temperature of steel balls. It is calculated that AT,; < 0.065 °C with
ms = 1.23 kg, myy = 0.022 kgfs, Cps = 470 J/kg °C, C,_oi = 20,000 J/kg °C
and dT/dt = 0.05 °C/s being the highest rate of change in tempera-
ture of the solids from all experiments corresponding to particles
sizes of 12 mm, 8 mm and 4 mm. Also the hot oil bath is equipped
with an electronically controlled electric heater which maintains
or brings back the temperature of the cooled and recycled oil
stream to the set point temperature which is considered as wall
temperature. Thus a nearly constant and uniform wall temperature
is maintained for the inside tube. It is possible that the tempera-
ture of the inside stainless steel wall of the heat exchanger can
be very close to the surrounding hot oil temperature because of
high thermal conductivity of stainless steel. An estimate of time
scale required for inner wall to reach outer wall temperature can
be calculated as time =~&%/a; which comes to 0.08s with
5=0.001 m the wall thickness and o =1.25 x 107> m?/s the ther-
mal diffusivity of solid stainless steel. Since it is a small response
time in comparison to the slow heating of inside granular material,
the temperature of inner wall quickly reaches the outer wall tem-
perature which is close to hot oil’s temperature. An RTD sensor of
PT100 type is kept inside the inner tube such that its sensor tip is
located in the central portion of the inner tube. It is provided in
order to measure temperature variation in the granular material
that would be filled in the inner tube upto a height of 250 mm.
The thermocouple is connected to a digital display where the res-
olution of the temperature is 0.1 °C.
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2.2. Experimental procedure

Initially the stirrer of the hot oil bath was switched on to ensure
uniform mixing and heating. A desired bath temperature of say
60 °C was set and the electrical heater was switched on. After the
temperature reached the set point, the circulating pump was
switched on. Hot oil flows through the annulus of the heat exchan-
ger. A couple of minutes are allowed for the inner wall temperature
to reach the hot oil bath temperature. Then, granular steel balls are
poured into the inner tube. Immediately the temperature indicated
by the thermocouple located at the center of the inner tube is
noted frequently. Instead of noting down the temperature at differ-
ent times, the time is noted using stop watch for every 1 °C rise in
temperature of granular material. The temperature reading was
noted until no further change in temperature was observed. Thus
the temperature versus time data was obtained experimentally.
For each particle size the experiment was repeated for three times
to notice any deviation. Thus time-temperature response is
obtained for a step change in wall temperature in a cylindrical ves-
sel filled with granular material.

2.3. Temperature-time response data

The experimental data of Temperature-Time response for vari-
ous particles sizes (12 mm, 8 mm and 4 mm) is plotted in Fig. 2(a).
The experiments for particle sizes (3 mm, 2 mm and 1 mm) are
conducted in a glass tube of diameter 15 mm and thin wall dipped
in a hot water bath. Hence this experimental data is represented
separately in Fig. 2 (b) since the rate of increase in temperature
would be faster in a smaller diameter tube (15 mm) than in a larger
diameter tube (50 mm). Since the availability of fine sized steel
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Fig. 2. Temperature variation with respect to time for various particle sizes. (a) For
sizes of 12 mm, 8 mm and 4 mm. (b) For sizes of 3 mm, 2 mm and 1 mm conducted
in a smaller tube.

balls is scarce, it was chosen to conduct the experiments with
smaller quantity for these three sizes in a smaller diameter tube.
Nevertheless, the aspect ratio of diameter of the heat exchanger
tube (glass tube) to steel balls is kept large, which is 5 for 3 mm
steel balls and much higher for 2 mm and 1 mm steel balls. The ini-
tial temperature is different for different particle sizes owing to the
climate change. In order compare the temperature dynamics of
these different particles, a non-dimensional variable ® is defined
as (T — T,)/(T,, — T,) where T is the temperature indicated by ther-
mocouple measurement, T, is the initial or room temperature and
T., is the wall temperature or the hot oil temperature. The non-
dimensional temperature ® versus time is plotted in Fig. 3(a)
and (b). It can be observed that the dynamics of temperature is fas-
ter for small sized particles than for large sized particles. It implies
that the effective thermal diffusivity is higher for smaller particles
than for larger particles. Thermal diffusivity is mentioned here
instead of thermal conductivity because in the governing equation
for unsteady heat conduction, the parameter of importance is ther-
mal diffusivity which is the ratio of thermal conductivity to the
product of density and specific heat capacity. The time required
to reach the steady state is less for smaller particles because the
heat conduction time is proportional to R?/a.; where R is the radius
of the tube, o, is effective thermal diffusivity and o, is higher for
smaller size particles. Moreover, a new heat exchanger tube of
diameter 15 mm (R = 7.5 mm) is used for smaller particles of size
1 mm, 2 mm and 3 mm. A mathematical model is developed in
the later part of this paper that finds the optimum value of thermal
diffusivity for each of the particle sizes.
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Fig. 3. Dimensionless temperature variation with respect to time for various
particle sizes. (a) For sizes of 12 mm, 8 mm and 4 mm. (b) For sizes of 3 mm, 2 mm
and 1 mm conducted in a smaller tube.
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2.4. Determination of void fraction

Another experiment was conducted to determine the void frac-
tion of granular steel balls of various sizes. For this purpose, a
100 ml beaker was completely filled with granular material till
the 100 ml mark. After this, water was filled in the voids until it
reached the 100 ml mark. The volume of water filled is noted.
Now, the void fraction was calculated as the ratio of the volume
of the voids or the amount of water poured to the bulk volume
of the granular material, which is 100 ml. Let void fraction be ¢,.
For smaller sized steel balls (1 mm, 2 mm and 3 mm) the void frac-
tion is measured using 10 ml test tube.

The experimental data of void fraction versus particle size is
presented in Table 1. About the void fraction of packed spherical
particles, there has been quite some research [14]. As per the liter-
ature, it was found that the void fraction of packed spheres can
vary from 0.26 to 0.476 depending upon the packing type for any
given size of the spheres. In our experiments, the steel balls were
poured into the heat exchanger tube, therefore it could be of ran-
dom type packing and hence there is no particular trend of increase
or decrease of void fraction with change in particle size as can be
observed from Table 1.

3. Mathematical modeling

Although there are air voids, the entire volume of granular
material could be considered as a homogeneous material of uni-
form thermal conductivity ke, density as per and ¢, p Since the
granular material is filled in a cylindrical tube, the general
unsteady state heat conduction equation as in Eq. (1) for cylindrical
coordinates has to be solved for the estimation of the temperature
versus time at any given location [15]:

ﬂ+1ﬂ+lﬂ+ﬂ+&—ig (‘1)
o2 "ror r2gg* 072k o Ot

where r is radial location from central axis along the tube, 0 is the
azimuthal angle, z is the vertical distance along the axis of the tube,
S, is the volumetric heat source inside the material, t is time, T is
temperature and o, is the effective thermal diffusivity of the mate-
rial. s, the heat generation term in Eq. (1) is zero in the granular
material filled inside the heat exchanger.

Since the height of the cylinder carrying granular material is
large compared to diameter, the axial effect in z-direction could
be neglected and azimuthally symmetry is assumed. With this
assumption, the Eq. (1) reduces to Eq. (2):

19 (ory_ 1T
ror\"ar) =

Sey O
The boundary and initial conditions for the temperature T(r,t) are as
given below:

(2)

Atr=0, % = 0 (symmetry condition) (3a)
Atr=R, T=T, (3b)
Table 1

Void fraction for different particle sizes of steel balls.

Diameter of steel balls, mm Void fraction, ¢,

0.39
0.425
0.4325
0.41
0.43
0.48

=00 N WN =

L)

Att=0, T=T,forO<r<R (3¢0)

where R is the radius of the inner tube in the cylindrical heat
exchanger. Now, non-dimensional form of Eq. (3) is obtained as

00 1 9 (r* a@)

(4)

ot ror\' or
00
Atr=0,-—-=0
=05
Atrr=1, =1
Att'=1, ©=0

where O(r*,t*) = (T(r,t) — T,)/(Tw — T,) is dimensionless tempera-
ture, t* = «t/R? is dimensionless time and r* = r/R is the dimension-
less radius respectively.

4. Results and discussion
4.1. Determination of o by optimization method

The task is that o is the unknown. Hence a most optimum o
has to be found such that the solution to the temperature profile
for r*=0 (central axis) should match with the experimentally
obtained ©(t) as shown in Fig. 3(a) and (b). Thus it is a parameter
estimation problem. The approach adopted is that of optimization
method. Before optimization, an analytical solution to Eq. (4) is
obtained using method of separation of variables [16].

The separation of variables technique involves the representa-
tion of ®(r*, t*) = X(r*) Y(t*). If this is substituted in Eq. (4), it gives
Eq. (5)

1dX 11 d [/ dy 5

Xdt ~Yrdr <r dr*) ()
It can be noted that the partial derivatives are replaced with total
derivatives. Hence the two sides of the Eq. (5) could be equal only
if both are equal to a constant. It requires that the choice of this
constant has to be negative in order to have X(t*) not to approach
infinity for infinite time. Hence let that constant be —;2 so that it
is always negative. Then, two ordinary differential equations arise
from Eq. (5). These can be further solved by applying the boundary
conditions to obtain suitable eigenvalues 4; and eigen functions in
space. A general infinite series solution by superposition principle
can be represented for ®(r* t*) in terms of these eigen functions.
The coefficients in the infinite series can be obtained by applying
initial condition. The final solution is represented in Eq. (6):

=2 Joliar)
i=1 ;Li .]1 (2'1)

where /; are the roots of Bessel function of zeroth order (Jo) and J;
are the Bessel functions of first order.
The experimental data for temperature versus time is available
at the central axis of the cylindrical tube that is at r=0 or r*=0.
For r* =0, the predicted temperature variation in dimensional
form is

o, t)=1- exp(—22t") (6)

2 1 eff[
o 7)

T(0,6) = Ty — (Tw — To i
i=1 "

The o, value is initially guessed and optimized systemically such
that the error between predicted temperature dynamics in Eq. (7)
and the experimental data in Fig. 2(a) and (b) is minimized. Thus
the experimental data is used for determining the effective thermal
diffusivity by using MATLAB code for the analytical solution Eq. (7).
Statistical method adopted to quantify the error is standard
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deviation between Tey, in Fig. 2 and Tpyreq from Eq. (7). R-square
method is not applied here because it is used to quantify the fitness
of a linear expression whereas the present data as shown in Fig. 2(a)
and (b) is non-linear. Initial guess for o, is taken a small value and
for different values of thermal diffusivity the error estimation is
repeated. The standard deviation of error for different thermal dif-
fusivity values are plotted in Fig. 4. From this figure, it could be
observed that a global optimum exists for effective thermal diffusiv-
ity for each of the particle sizes. The optimum «.is obtained which
shows least standard deviation as shown in Fig. 4. It is repeated for
the three different experimental runs for each of the particle sizes
and the average of these three values is taken as the o for that par-
ticle size.

The estimated g along with error bar from three different runs
is plotted for each of the particle sizes in Fig. 5. It shows that o
increases with decrease in particle size. A steep increase is
observed for particle size below 4 mm. There is non-monotonic
variation between 4 mm and 3 mm steel balls because of change
in the experimental apparatus. However, the error bars are consid-
erable which implies that there is a band of thermal diffusivity
even for mono-disperse particles which can be owed to the wide
range of void fraction (0.26-0.476) possible for randomly packed
spheres. Hence, this could be justifiable because the effective ther-
mal diffusivity depends on void fraction.

In order to verify the suitability of the determined oy, a plot is
obtained from the analytical expression in Eq. (7) to compare
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sizes of 3 mm, 2 mm and 1 mm are conducted in a smaller tube.

predicted and experimental values of dimensionless temperature
©® versus time for various particle sizes of granular materials in
Fig. 6(a)-(f). The deviation could be due to factors such as natural
convection of air between particles. For small particles, the air gaps
are also of smaller size which would minimize the natural convec-
tion. Whereas for larger particles there could be considerable heat
transfer by natural convection in the voids. The hot air at the
boundary of the inner tube in heat exchanger could move through
the voids and reach the thermocouple tip before the temperature
could rise due to conduction mode alone.

From effective thermal diffusivity, the effective thermal
conductivity keg could be determined as follows:

Kegr = Otefr + (PCp) o (8)
where (pcp)e could be calculated using mixture rule,
(pcp)eff = d)v(pcp)ﬂuid +(1- ¢v)(pcp)solid 9

where ¢, is the void fraction or air volume fraction in the granular
material. The fluid is air and solids are steel balls. The properties of
steel and air are presented in Table 2. The obtained values of k.
versus particle size are presented in Table 3.

4.2. Bruggeman'’s correlation method

The Bruggeman'’s equation has been extensively used in various
areas of solid state and soft matter physics despite the availability
of a rich variety of alternative, more modern homogenization the-
ories. There are numerous examples of using the Bruggeman’s
equation in completely different situation for various effective
transport coefficients such as electric and thermal conductivity,
permittivity, permeability, diffusivity etc. For spherical particles,
the classical Bruggeman’s formula is used to obtain the effective
thermal conductivity using following correlation:

k\* (ks — ke
() (&=5) = 0

where krand k; is the thermal conductivity of interstitial fluid and
pure solids, k. effective thermal conductivity of granular material,
¢y is the void fraction in the granular material. Rearranging the
above equation as a cubic third-degree polynomial equation and
using MATLAB program, it is solved and effective thermal conduc-
tivity key was obtained for various void fractions ¢,. The results
are tabulated in Table 3 along with experimentally determined val-
ues. Bruggeman’s equation shows an error of about 2% to 13% as
compared to experimentally determined values of effective thermal
conductivity of granular steel balls.

The properties of steel and air are presented in Table 2. The
thermal conductivity of solid steel is 46 W/m K whereas the exper-
imentally determined effective thermal conductivity of granular
steel balls is around 0.28-0.44 W/m K. It shows that the granular
steel has a very low effective thermal conductivity even though
the particle size is smaller. This could be due to the void fraction
not changing much with decrease in particle size. And effective
thermal conductive depends on void fraction because the voids
are filled with air which has a very low thermal conductivity of
0.02745 W/m K. In addition, there is only a point contact between
neighboring steel spheres. As shown in Fig. 1(b) the steel balls used
in the present study are nearly spherical and smooth. Hence, there
is scope for future studies on this aspect of effective thermal con-
ductivity of granular material.

5. Conclusions

By neglecting the end effects in modeling the vertical heat
exchanger, the axis symmetric model has predicted temperature
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Table 3
Effective thermal Conductivity for different particle sizes of steel balls.
S. dp, Void fraction Experimental, Experimental, Bruggeman’s
No. mm experimental, or*10°m?/s  key W/mK equation, ke
Table 2 by W/mK

Properties of steel and air.

11 039 0.1969 0.4421 04513
Material ~ Density, p Specific heat capacity, Thermal conductivity, 2 2 0.425 0.1681 0.3558 0.3510
ke/m? e JIkg K ke W/m K 3 3 04325 0.1354 0.2828 03334

4 4 041 0.1583 03438 03900

Steel 7830 470 46 5 8 043 0.1517 03183 03391
Air 1.1105 1006 0.02745 6 12 048 0.1483 0.2839 02452
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versus time without much error. If the diameter of steel particle
size is less than 4 mm, then there is a steep increase in effective
thermal conductivity. Effective thermal conductivity obtained by
Bruggeman'’s deviates by 2% to 13% on an average as compared
to experimentally determined value. The deviation between exper-
imental and predicted temperature versus time could be improved
if the natural convection of air in the voids of granular material is
also considered. Bruggeman’s equation predicts effective thermal
conductivity upon providing the void fraction which is a constant
for perfect spheres regularly packed. Hence Bruggeman’s equation
gives a constant effective thermal conductivity for all sizes of steel
spheres for a given packing type. Whereas, in the present work,
experimental evaluation of effective thermal conductivity is
carried out and it is obtained as a variable with respect to sphere
sizes taking random packing effect into consideration. Hence, the
present estimate of effective thermal conductivity has application
in analyzing heat transfer through granular media.
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