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An experimental study to evaluate the convective heat transfer coefficient in a cylin-
drical packed bed of spherical porous alumina particles is investigated. The task
consists in proposing a semi-empirical model to avoid excessive instrumentation
and time consumption. The measurement of the bed temperature associated to a
simple energy balances led to calculate the gas to particle heat transfer coefficient
using a logarithmic mean temperature difference method. These experiments were
performed at atmospheric pressure. The operating fluid is humid air. The gas veloc-
ity and temperature ranged from 1.7-3 m/s and 120-158 °C, respectively. The data
obtained was compared with the correlations reported in the literature. It is shown
that the proposed model is in reasonable agreement with the correlation of Ranz
and Marshall. Despite, many researches on experimental investigations of heat
transfer coefficient in packed beds at low and average temperature are proposed,
few studies presented calculation of convective heat transfer coefficient at high
temperature (above 120 °C). A possible application of the proposed model is drying
and combustion.

Key words: heat transfer coefficient, energy balance, packed bed, temperature
measurements

Introduction

Packed beds have attracted a variety of applications, such as drying and chemical in-

dustries. Knowledge of heat transfer characteristics and temperature distributions in packed

beds is of great importance. The particles to gas heat transfer coefficient is a key parameter to

quantify heat transfer. In fact, a considerable amount of study has been carried out to evaluate

this coefficient. Wakao et al. [1] provide a comprehensive review of the evaluation of the parti-

cle to fluid heat transfer coefficient. Ranz and Marshall [2] proposed the well-known correlation

of this coefficient for spherical particle on the basis of a wide variety of experimental data on the

evaporation of liquid droplets in air. Bird et al. [3] gave a set of heat transfer correlations for a
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packed bed of spherical and cylindrical particles. Rowe and Claxton [4] presented a Nusselt

number correlation by measuring experimentally heat and mass transfer between the sphere and

identical fixed spheres. Jingzhu et al. [5] measured particle to gas heat transfer coefficient from

one-shot thermal responses in packed beds of glass beads air system in the range of Reynolds

number for 5 to 230 and temperature were below 100 °C. Based on steady-state conditions, Gal-

loway and Sage [6] developed a correlation for the gas to particle heat transfer coefficient for

spherical pellets. Nasr et al. [7] gave an experimental study of forced convection heat transfer

from a cylinder in a packed bed of spherical particles. Aluminum, alumina, glass, and nylon

were used as packing materials. The operating fluid is air. The authors demonstrated that the un-

certainly in the reported Nusselt numbers was ±20%. Balakrishnan and Pei [8] demonstrated

that conduction between the particles in the bed and convection between the flowing gas and the

particles which interact with each other, are the major reason for the difficulty in obtaining a sin-

gle generalized experimental correlation or theoretical or semi-empirical models to evaluate the

heat transfer coefficient in packed beds. Littman and Sliva [9] showed a strong dependence on

Reynolds numbers especially for packed beds since the region near the point of contact between

particles was not fully accessible to the flowing fluid.

The heat transfer coefficient was also determined for agro alimentary products: Wang

et al. [10] and Bala [11] studied, experimentally, the convective heat transfer coefficient in

packed bed of rice and malt, respectively. Khandker and Woods [12] measured the heat transfer

coefficient in packed beds of barley. This coefficient was found to be a function of air flow rate.

Most of the previous studies presented above required excessive instrumentation and

time.

Besides, the major correlations proposed in the literature are function of dimensionless

numbers. Nevertheless, the heat transfer coefficient is shown to be affected by other parameters

such as particles and bed characteristic and boundary conditions. Then, the application of a gen-

eral correlation for packed beds is not possible. Moreover, the usual studies are at low and aver-

age temperatures. Hence, an attempt is made in this paper to quantify the heat transfer coeffi-

cient basing on temperature experimental data associated to simple energy balances at high

temperature and low Reynolds numbers.

Experimental set-up

The experimental device consists of a ther-

mally isolated cell containing the experimental

packed bed, a steam generator, a hot gas heating

system, a closed loop for the circulation of hu-

mid air (Pv = 0.6 bar), a data acquisition and

control unit (fig. 1). The circulation of humid air

is ensured by a fan. Gas flow rate and velocity in

the cell are controlled by adjusting the speed of

the fan. A control system allows setting the gas

temperature and vapor pressure. Water vapor is

generated continuously in the steam generator

and injected in the closed loop through a control

valve. The pressure is maintained slightly above

atmospheric pressure using a pressure control

valve.
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Figure 1. The experimental device
1– steam generator, 2 – pressure control valve, 3 –
steam flow rate valve, 4 – convective cell, 5 – fan, 6
– hot gas heating system



The cell is an opaque aluminum cylinder. The

inside diameter and the length of the cell were approxi-

mately 0.18 and 0.32 m, respectively.

Humid air flows through the cell containing the

packed bed of alumina particles. At the inlet of the cell,

a grid ensures a good distribution of humid air.

Thermocouples of K-type are placed at different posi-

tions in the bed to measure the temperature of the alu-

mina beads. During the packing of the bed in the ex-

perimental cell, thermocouples were introduced in the

bed at the particle surface in different axial positions.

Meanwhile, the experimental equipment was heated to

a desired experimental temperature and the steam generator was activated. Steady-state condi-

tions were reached. Then the experimental cell was inserted. The data acquisition system was

started immediately after closing the cell door, with continuous measurement of the alumina

temperatures at different depths in the bed. The experiment was ended when the alumina parti-

cles temperature approached that of the gas temperature. The characteristics of alumina particles

are listed in tab. 1.

Computation of gas to particle heat transfer

The temperature of the particle surface that is

necessary to quantify the heat transfer can be conve-

niently described in term of the gas to particle heat

transfer coefficient. Based on experimental tempera-

ture measurements obtained in this work, a simple

model was developed considering a steady-state en-

ergy balances and assuming (1) that the granular me-

dium is homogeneous and isotropic, (2) that the bed

porosity is uniform, (3) that the operation is adiabatic,

and (4) that the bed is considered as a two-phase mix-

ture (solid and gas) [13-16]. The packed bed is a dis-

continuous granular medium made of spherical porous

particles (solid phase) crossed by humid air (gas

phase). Energy balances are made in a bed portion

whose height and cross-section are dz and S0 (fig. 2),

respectively.

The solid phase internal energy (Us) is relayed to the evaporation rate �m and the gas

temperature:
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Table 1. Properties of alumina particles

Parameters Alumina

d [mm] 4.35

r [kgm–3] 1570

e 0.4

Cps [Jkg–1K–1] 840

ls [Wm–1K–1] 1

Figure 2. Packed bed section



where h is the gas to particle heat transfer and Sb – the total surface area of the particles.

For spherical particles:
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where e is the porosity and d is the particle diameter.

By replacing eq. (1) by (2):
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where Tb0, M, H, and Cps are initial bed temperature, bed weight, bed height, and solid specific

heat, respectively.

This equation indicates that a plot of the logarithmic temperature ln(Tb – Tg)/(Tb0 – Tg)

vs. time should present a straight line with a slope equal to h(1 – e)S0H/MCpsd . The value of h

can be given from this slope.

Results and discussion

Figure 3 shows that three temperatures measurements can be performed in the bed. At

the entry of the cylinder (z = 0), the product reaches the gas temperature more quickly than the

center (z = H/2) and the exit (z = H). Next, the temperature presented in this study is at z = H/2.

Figures 4 and 5 show the bed temperature against time for different values of tempera-

ture and gas velocity, respectively. As the temperature increases, the bed reaches the gas temper-

ature more quickly. This is because the higher temperature gradient in the medium resulted in a

higher heat flux [17, 18]. As we would expect, when we increase the gas velocity, for the same
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Figure 3. Variation of bed temperature with
time; Tg = 120 °C, Vg = 2 m/s

Figure 4. Variation of bed temperature with
time; Vg = 2 m/s



gas temperature, the Reynolds number and con-

sequently the convective heat transfer coeffi-

cient increases leading to a reduction of the time

needed to reach the gas temperature.

Figure 6 shows an example of these loga-

rithmic temperatures differences vs. time for

different values of gas velocity. As expected, a

family of straight lines was produced. The de-

termination of slopes of these lines leads to the

measured heat transfer coefficient and conse-

quently the experimental Nusselt number.

Hence, fig. 7 illustrates the relation between

Nusselt and Reynolds numbers for the model

developed in this study compared with correla-

tions reported in the literature for packed bed of

spherical porous alumina particles [1, 2, 19]. It can be seen that a general correlation relating

Nusselt with Reynolds for different materials with a wide range of physical and transport prop-

erties is not possible. This has been generally observed in the literature where the correlation for

the heat transfer coefficient of one author working with one materiel is often at variance with

that of other author working with some other materials. In fact, the heat transfer coefficient is de-

pendent both on the thermal properties of the bed and on the flux rate.

However, most experimental correlations express it as a function of the Reynolds

number. Therefore, the applicability of these correlations is also limited to the particular bed

materials used in developing them. Moreover, the thermal properties of the walls (adiabatic or

heated) have a significant effect on the conduction mode and therefore studies using similar ex-

perimental techniques but different bed materials can also be expected to yield different correla-

tion relating the heat transfer coefficient to Reynolds numbers. Tsotsas and Schlunder [20]

showed that the non-uniform distribution of gas velocity, gas thermal conductivity, axial distri-

bution of heat and errors in measurement caused discrepancies of wall heat transfer coefficient

values. Yagi and Kunii [21] discussed the variation of heat transfer coefficient near the wall in
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Figure 5. Variation of bed temperature with
time: Tg = 120 °C

Figure 6. Straight lines obtained form eq. (5)

Figure 7. Nusselt vs. Reynolds numbers and
compared to other works



the literature and proposed an equation to calculate this coefficient in cylindrical packed beds

for low Reynolds numbers. Dixon et al. [22] explained the variation of apparent wall heat trans-

fer coefficient values and showed the importance of predicting this coefficient.

We note also that the correlations of Nusselt number used to validate our study give a

Re 
 0 asymptote of Nusselt equal to 2, which is reasonable for spherical particles. We note

also that at low Reynolds number, the interfacial convection heat transfer is insignificant com-

pared to other terms in energy equation, and therefore, the suggested Re 
 0 asymptote cannot

be experimentally verified [23]. As explained above, discrepancies in Nusselt number were

found. This may be due, also, to some differences in experimental conditions (particles charac-

teristics, height and diameter of the packed bed, boundary conditions...). These discrepancies

can be also attributed also to the position of the thermocouples and errors in the measurement

[24, 25].

For these reasons, a simple model based on experimental measurements allowing the

calculation of heat transfer coefficient for each packed bed material with moderate experimental

instrumentations is developed in the present

work.

Conclusions

Due to the lack of a simple experimental pro-

cedure and equations for predicting the gas to

particle heat transfer coefficient of packed beds

for each material and experimental conditions

especially at high temperature, an attempt is

made to calculate this coefficient at low

Reynolds numbers. The method is based on bed

temperature measurements and simple energy

balance. A logarithmic mean temperature dif-

ference method is used. Nusselt numbers ob-

tained from the literature are represented vs.

those calculated from the proposed model. Dis-

crepancies were found. Consequently, the dif-

ference in experimental conditions used to es-

tablish these correlations modifies values of calculated Nusselt numbers. Next, the heat transfer

coefficients obtained were compared to these in the literature.

A reasonable agreement was found with the widely used Ranz and Marshall correla-

tion (fig. 8).

Thus, a needed and simple way to determine heat transfer coefficient was developed

and verified. The model can be useful to predict gas to particle heat transfer coefficient in design

and modeling of fixed beds for drying or combustion.
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Figure 8. Heat transfer coefficient according to
Ranz and Marshall correlation vs. experimental
values

Nomenclature

Cp – specific heat, [Jkg–1K–1]
d – particle diameter, [m]
H – bed height, [m]

h – heat transfer coefficient at particle to gas
– interface, [Wm–2K–1]

M – bed weight, [kg]



The authors would like to thank the

PHC – Maghreb (Volubilis, Tassili, Utique) N 30257TE for the financial support of the project

of which this work is a part.

References

[1] Wakao, N., et al ., Effect of Fluid Dispersion Coefficients on Particle-to-Fluid Heat Transfer Coefficients
in Packed Beds: Correlation of Nusselt Number, Chemical Engineering Science, 34 (1979), 3, pp. 325-336

[2] Ranz, W. E., Marshal, W. R., Evaporation from Drops, Part I, Chemical Engineering Progress, 48
(1952), 3, pp. 173-180

[3] Bird, R. B., et al., Transport Phenomena, John Wiley and Sons, New York, USA, 1960
[4] Rowe, P. N., Claxton, K. T., Heat and Mass Transfer from a Single Sphere to a Fluid Flowing through an

Array, Transactions of the Institution of Chemical Engineers, 43 (1965), pp. 321-331
[5] Jingzhu, S., et al ., Measurement of Particle to Gas Heat Transfer Coefficients from One-Shot Thermal Re-

sponses in Packed Beds, Chemical Engineering Science, 36 (1981), 8, pp. 1283-1286
[6] Galloway, T. R., Sage, B. H., A Model of Mechanism of Transport in Packed, Distended and Fluidized

Beds, Chemical Engineering Science, 25 (1970), 3, pp. 495-516
[7] Nasr, K., et al ., An Experimental Investigation on Forced Convection Heat Transfer from a Cylinder Em-

bedded in Packed Bed, Heat Transfer, 116 (1994), 1, pp. 73-80
[8] Balakrishnan, A. R., Pei, D. C. T., Thermal Transport in Two-Phase Gas-Solid Suspension Flow through

Packed Beds, Powder Technology, 62 (1990), 1, pp. 51-57
[9] Littman, H., Sliva, D. E., Heat Transfer, Proceeding, 4th International Heat Transfer Conference,

Versilles, France, 1979, Paper CE.1.4
[10] Wang, C. Y.et al ., Convective Heat Transfer Coefficient in Packed Bed of Rice, Transaction of the ASAE,

(1979), paper No. 79-3040
[11] Bala, B. K., Deep Bed Drying of Malt. Ph. D. thesis, University of Newcastle Upon Tyne, Tune and Wear,

UK, 1983
[12] Khandker M. H. K., Woods, J. L., The Heat Transfer Coefficient in Grains Beds, Agriculture Mechanisa-

tion in Asia, Africa and Latin America, 18 (1987), 4, pp. 39-44
[13] Wen1, D., et al., Heat Transfer of Gas-Solid Two-Phase Mixtures Flowing through a Packed Bed, Chemi-

cal Engineering Science, 62 (2007), 16, pp. 4241-4249
[14] Royston, D., Heat Transfer in the Flow of Solids in Gas Suspensions through a Packed Bed, Industrial &

Engineering Chemistry Process Design and Development, 10 (1971), 2, pp. 145-150
[15] Balakrishnan, A.R., Pei, D. C. T., Convective Heat Transfer in Gas-Solid Suspension Flow through

Packed Beds, Journal of American Institute of Chemical Engineers, 24 (1978), 18, pp. 613-619
[16] Balakrishnan, A. R., Pei, D. C. T., Heat Transfer in Gas-Solid Packed Bed Systems, Industrial & Engi-

neering Chemistry Process Design and Development, 18 (1979), 18, pp. 30-51
[17] Elustondo, D. M., et al., Optimum Operating Conditions in Drying Foodstuffs with Superheated Steam,

Drying Technology, 20 (2002), 2, pp. 381-402
[18] Messai, S., et al., Drying Modeling of a Packed Bed of Porous Particles in Superheated Steam and Humid

air, Porous Media, 14 (2011), 2, pp. 169-177

Messai, S., et al.: Experimental Study of the Convective Heat Transfer ...
THERMAL SCIENCE: Year 2014, Vol. 18, No. 2, pp. 443-450 449

�m – evaporation rate, [kgm–3s–1]
Nu – Nusselt number
P – pressure, [bar]
Pr – Prandtl number (= Cpgmg/lg)
Sb – surface area of particles, [m2]
S0 – bed cross-section, [m2]
T – temperature, [°C]
t – time, [s]
Re – Reynolds number, (= rgVgd/mg)
U – internal energy, [J]
V – gas velocity, [ms–1]
z – axial co-ordinate, [m]

Greek symbols

e – porosity
m – dynamic viscosity, [Pa·s]
l – thermal conductivity, [Wm–1K–1]
r – density, [kgm–3]

Subscripts

b – bed
g – gas
s – solid
v – vapor



[19] Ranz, W. E., Friction and Transfer Coefficients for Single Particles and Packed Beds, Chemical Engineer-
ing Progress, 48 (1952), 5, pp. 247-253

[20] Tsotsas, E., Schlunder, E.-U., Heat Transfer in Packed Beds with Fluid Flow: Remarks on the Meaning
and the Calculation of a Heat Transfer Coefficient at the Wall, Chemical Engineering Science, 45 (1990),
4, pp. 819-837

[21] Yagi, S., Kunii, D., Studies on Heat Transfer Near Wall Surface in Packed Beds, AIChE Journal, 6 (1960),
1, pp. 97-104

[22] Dixon., A. G., Cresswell, D. L., Theoretical Prediction of Effective Heat Transfer Parameters in Packed
Beds, AIChE Journal, 25 (1979), 4, pp. 663-676

[23] Kaviany, M., Principles of Heat Transfer in Porous Media, Springer, New York, USA, 1995
[24] Whitaker, S., Forced Convection Heat Transfer Correlations for Flow in Pipes, Past Flat Plates, Single

Cylinders, Single Spheres, and for Flow in Packed Beds and Tube Bundles, AIChE Journal, 18 (1972), 2,
pp. 361-371

[25] Wakao, N., Particle-to-Fluid Transfer Coefficients and Fluid Diffusivities at Low Flow Rate in Packed
Beds, Chemical Engineering Science, 31 (1976), 12, pp. 1115-1122

Paper submitted: July 15, 2012
Paper revised: July 3, 2013
Paper accepted: August 2, 2013

Messai, S., et al.: Experimental Study of the Convective Heat Transfer ...
450 THERMAL SCIENCE: Year 2014, Vol. 18, No. 2, pp. 443-450


