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Heat transfer plays an important role in several applications of packed bed reactors with cocurrent down-
flow of liquid and gas (widely known as trickle-bed reactor – TBR).
A literature survey shows that the amount of articles dealing with the prediction of heat transfer rates

between a TBR and an external heating or cooling source is limited for spherical catalyst pellets and
definitively scarce for other pellet shapes as cylinders and multilobes.
Results from an experimental program devoted to study heat transfer between a TBR and an exter-

nal jacket, employing spherical and cylindrical particles and a commercial trilobe pellet, are pre-
sented. A wide range of gas (air) and liquid (water) flow rates were covered corresponding to low
and high interaction regime. A two dimensional pseudohomogeneous model was employed to repre-
sent the thermal behavior of the packed bed. Values of the effective radial thermal conductivity and
the wall heat transfer coefficient were obtained by regression of radial temperature profiles for three
different bed lengths. Finally, expressions to estimate both parameters for the different particle shapes
were developed, thus providing a useful predictive tool, not available in the literature up to the best
of our knowledge.

� 2017 Elsevier Ltd. All rights reserved.
1. Problem statement

Trickle–bed reactors (TBRs) are widely employed in a variety of
processes from traditional fields as chemical, petrochemical and
petroleum industries to relatively novel applications in biochemi-
cal, electrochemical and waste water treatments [1].

The complex fluid-dynamic behavior of TBR introduces several
uncertainties in the estimation of transport parameters usually
employed in the reactor modeling. Among the parameters needed
to perform catalytic reactor simulations are particularly important
those associated to heat transfer processes.

Different catalytic processes at industrial scale carried out in
TBRs, such as the production of methyl isobutyl ketone or the con-
version of natural gas to liquid hydrocarbons (GTL) [2–4], require
exchanging heat with an auxiliary fluid. In these cases, the heat
transfer process determines the reactor behavior. In addition, an
adequate prediction of heat transfer rates is needed when using
laboratory and bench scale TBRs to analyze the behavior of a given
catalyst due to the usual requirement to operate isothermally aim-
ing at facilitating the analysis of the experimental results [5]. It is
also worth mentioning that non-stable hot spots can certainly arise
both in industrial reactors [6] and laboratory reactors under fully
controlled conditions [7].

In a recent article Taulamet et al. [8] have reviewed literature
information about heat transfer in TBRs. The authors found that
few experimental studies deal with particle shapes different from
spherical, in spite of the fact that, for example, multilobe pellets
are extensively employed in industrial TBRs [9,10]. Also, in the
above mentioned review it is concluded that the two-
dimensional pseudohomogeneous model is a suitable alternative
to represent the reactor behavior if a detailed simulation is
intended.

In a previous study [11] results from heat transfer experiments
using spheres of different sizes were reported. The purposes of this
contribution are to present new experimental data for cylinders
and trilobe pellets, compare them with those for the spheres and
reach suitable expressions to estimate the two parameters of the
two-dimensional pseudohomogeneous model (i.e., effective radial
thermal conductivity and wall heat transfer coefficient) for the
whole set of particles shape and sizes.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.fuel.2017.04.031&domain=pdf
http://dx.doi.org/10.1016/j.fuel.2017.04.031
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Nomenclature

a bed to particle diameter ratio, dt/deq [–]
At bed cross-section area, [m2]
Bi Biot number, ðhw RtÞ=ker [–]
bn nth eigenvalue of the Eq. (6e), [–]
CP specific heat, [J kg�1 K�1]
dP particle diameter, [m]
deq equivalent diameter, [m]
dt bed tube diameter, [m]
G gas superficial mass velocity, [kg m�2 s�1]
H particle length, [m]
hC jacket heat transfer coefficient, [W m�2 K�1]
hT bed to tube wall overall heat transfer coefficient,

[W m�2 K�1]
hw wall heat transfer coefficient, [W m�2 K�1]
J0, J1 Bessel function of first kind, order zero and one, respec-

tively, [–]
k fluid thermal conductivity, [W m�1 K�1]
ker effective radial thermal conductivity, [W m�1 K�1]
L liquid superficial mass velocity, [kg m�2 s�1]
Nuw Nusselt number, hw deq/kL, [–]
Pr Prandtl number, CP l /k, [–]
r radial coordinate, [m]
Re Reynolds number, G deq/lG or L deq/lL [–]
Rt bed tube radius, [m]
Sp external surface area of the particle, [m2]

T temperature, [K]
u superficial velocity, G/qG or L/qL, [ms�1]
VP particle volume, [m3]

Symbols
bT total liquid saturation based on overall bed void fraction

(ratio between the total liquid volume and the overall
bed void volume), [–]

e overall bed void fraction, [–]
/ particle aspect ratio, dp/H, [–]
q density, [kg m�3]
l dynamic viscosity, [Pa s]
m parameter in the Eq. (13b)
x parameter in the Eq. (13b)

Subscripts and subscripts
C heating fluid
E bed exit
G gas
0 bed inlet
L liquid
r radial
w wall
F global
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2. Experimental set-up

Beds of spheres and cylinders of different sizes and a commer-
cial trilobe catalyst (a spent catalyst employed in a hydrotreating
process) have been studied. The results for spheres include those
previously obtained by Mariani et al. [11]. The trilobe catalyst pre-
sents a normal Gaussian distribution of lengths (H) in the range
2.8–13.9 mm with a mean value of 6.6 mm, while the sizes of
spheres and cylinders are practically uniform (see Table 1).

No universally accepted criterion was found in the literature
about the characteristic size to be used for heat transfer analysis in
the case of non-spherical pellets. The equivalent diameter (deq) here
employed is the one of a sphere that has the same ratio between
the actual volume and the actual external surface area of the particle,
the so-called Sauter diameter [12]. The pellet shape for cylinders
and trilobe particles was characterized, as heat transfer process
concerns, by the ratio between diameter and length, / = dp/H. It
is important to clarify that in the case of the trilobe pellet, deq was cal-
culated on the basis of the actual external surface area, while /was
evaluated by considering the diameter dp of the lobe envelope.

Particle sizes, bed to particle diameter ratios (a = dt/deq), parti-
cle aspect ratios (/) and overall bed void fractions (e) are reported
in Table 1.
Table 1
Information of particles used in the experiments.

Authors Shape Material Dimens

Mariani et al. (2001) Sphere 1 Glass dp = 1.5
Sphere 2 Glass dp = 3.0

This contribution Cylinder 1 Glass dp = 2
H = 6.5

Cylinder 2 Glass dp = 8.7
H = 11.

Trilobe Porous a-Alumina dp
1 = 2.

H = 6.6

1 dp for the trilobe particle is defined as the diameter of the envelope of the lobes.
2 deq = equivalent (Sauter) diameter: diameter of a sphere with the same ratio of the
Water and air under ambient conditions of pressure and tem-
perature were fed cocurrently downwards. The superficial mass
velocities of the water (L) and air (G) were varied between 2.4
and 13.9 kg m�2 s�1 and between 4.5 10�2 and 0.83 kg m�2 s�1,
respectively, thus covering conditions corresponding to the so-
called high and low interaction regimes [13–15]. The whole set
of experimental conditions (gas and liquid superficial mass veloc-
ities and particle shapes) are reported in Table 2.

A scheme of the experimental set-up is shown in Fig. 1. It con-
sists of a tube of 51.4 mm in diameter, surrounded by a jacket
divided into three sections, identified as lower, middle and upper
sections. Hot water fed at 80 �C can pass either through the lower
section, through the lower and middle sections or through the
three sections of the jacket altogether, thus allowing three differ-
ent bed lengths (27, 47 and 87 cm) for heat transfer. The heating
water flow rate was high enough to maintain nearly isothermal
conditions within the jacket.

Temperature was measured at the inlet and outlet of each sec-
tion of the jacket; on the bed axis (r = 0) at the height z = 0 where
the active heat transfer section begins, T0(0); at the outlet of the
liquid stream; at nine points distributed radially and angularly
inside the bed over the cross section at about 30 mm above the
supporting plate as depicted in Fig. 2, and at three axial positions
ions (mm) deq
2(mm) / = dp/H a = dt/deq e

1.5 1 34.27 0.39
3.0 1 17.13 0.40

2.6 0.308 19.77 0.38

4
8

9.6 0.741 5.35 0.37

6 2.12 0.394 24.19 0.37

actual volume to the actual external surface area of the particle.



Table 2
Summary of the experimental operating conditions.

Shape L [kg m�2 s�1] G .102 [kg m�2 s�1]

Cylinder 1 2.4/3.2/4.5/6.0/8.0/9.6/12.0/13.9 14
4.5/10.0 41
9.6 55
4.5 83

Cylinder 2 3.6/4.5/6.0/8.0/10.0/12.0 4.5
3.2/4.5/6.0/8.0/10.0/11.6 14
4.5 54

Trilobe 2.4/4.4/8.0/13.9 4.5
2.4/4.5/8.0 14
2.4 53
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within the tube-wall. All the temperature readings were recorded
by a data acquisition system.

The top of the tube (indicated in Fig. 1 as calming section) was
packed with particles of the same size and shape as those used in
the jacked sections of the bed (i.e., those active for heat transfer).
The calming section was included to enable gas-liquid thermal
equilibrium and to provide a uniform liquid distribution at the
inlet of the jacked sections.

For each experimental condition, defined by a given packing
size and shape, water and air flow rates, between 4 and 8 replicates
were performed for each heat transfer length. Before performing
each replicate, the bed was fluidized by water to provide different
random packings. The whole procedure for each replicate
demanded about 3–4 h. After reaching steady state conditions,
the recorded temperature sets (about 2000) were averaged to
obtain the values used for analytical purposes.

Some other details concerning the experimental set-up and
operating procedure can be found in Mariani [16] and Taulamet
[17].

3. Model formulation

Aiming to analyze the experimental heat transfer data the two-
dimensional pseudo-homogeneous plug flowmodel (2DPPFM) was
adopted.

The energy balance considering steady state operation, no tem-
perature difference between phases, negligible axial thermal con-
duction and plug flow, reads [8]:

LCpL þ GC�
pG

� � @T
@z

� �
¼ 1

r
@

@r
kerr

@T
@r

� �
ð1aÞ

CpL is the liquid specific heat and C�
pG a modified heat capacity that

accounts for the calculated as:

C�
pG ¼ ĤE � Ĥ0

�TE � �T0
ð1bÞ

Ĥ0 and ĤE are the enthalpies of saturated air-steam per unit mass
of dry air at the bed-inlet average temperature �T0

� �
and at the

bed-exit average temperature �TE
� �

, respectively.
To solve Eq. (1a) one inlet and two boundary conditions are

needed.
Assuming radial symmetry the boundary condition at the bed

axis is:

@T=@r ¼ 0 at r ¼ 0 ð2Þ
Considering a uniform value of effective radial thermal conduc-

tivity (ker), the most frequently employed second boundary condi-
tion establishes a thermal resistance (1/hw) just concentrated at
the tube wall. According to the experimental set-up facilities, axial
temperature profile along the tube wall cannot be adequately
measured so as to check its uniformity. Nonetheless, it was possi-
ble to verify that the heating water temperature (TC) remains vir-
tually constant inside the jacket, due to the high water flow rate
[16]. Thus, introducing a heat transfer coefficient at the jacket side
(hC), the second boundary condition can be set as:

ker
@T
@r

¼ hF TC � Tðr ¼ RtÞ½ � at r ¼ Rt ð3Þ

where TC is assumed to be constant and hF is defined as:

1

hF ¼
1
hw

þ 1
hC

ð4Þ

It is important to mention that hC was independently measured
by Mariani [16] for a given set of conditions in the same experi-
mental set-up and values of 1/hw were typically ten times larger
than 1/hC. Thus, as 1/hw is the controlling resistance to heat trans-
fer hw can be properly determined.

At the inlet of the active heat transfer section (z = 0), a radial
temperature profile is considered:

T ¼ T0ðrÞ at z ¼ 0 ð5Þ
The solution of Eq. (1a), with boundary conditions (2) and (3)

and inlet condition (5), leads to

TC � Tðr; zÞ
TC � T0ð0Þ ¼ 2

X1
n¼1

Cn

J0 bnr=Rtð Þ exp �b2
nz

�
� �h i

1þ bn=Bi
F

� �2
� �

J21ðbnÞ
ð6aÞ

where:

Cn ¼ 1
R2
t

Z Rt

0

TC � T0ðrÞ
TC � T0ð0Þ

� �
J0ðbnr=RtÞrdr ð6bÞ

z� ¼ pker

LCpL þ GC�
pG

� �
At

z ð6cÞ

BiF ¼ hFRt

� �
=ker ð6dÞ

bn are the positive roots of the following equation

BiFJ0ðbnÞ ¼ bnJ1ðbnÞ ð6eÞ
To avoid a strong disturbance of the packing with the insertion

of a set of temperature probes at the inlet of the heat transfer
region, only the value T0(0) at the axis was measured. As the whole
profile T0(r) is not known, a possible approach would be regarding
the coefficients Cn as additional fitting parameters in the regression
procedure. However, Mariani [16] discussed that this approach
turns out to be impractical if the number of the needed terms in
Eq. (6a) is large (say, more than 3–4). Simultaneously, it was
checked that for typical shapes of T0(r), the terms in the series of
Eq. (6a) for n > 1 are considerably smaller than the first one at val-
ues of z⁄ where the radial temperature profiles are measured [16].
Therefore, only the first coefficient C1 was employed as a fitting
parameter, while the remaining ones were assumed to be related
to C1 as for uniform inlet temperature [8]:

Cn ¼ C1
J1ðbnÞ
J1ðb1Þ

b1

bn
ð7Þ

Summing up, the fitting parameters are C1, ker and hF.
Aiming to perform the regression analysis, radial temperature

profiles for different bed lengths are employed as input data and
a parameter estimation routine using the non-linear least square
method with the following objective function is used:

SðC1; ker;h
FÞ ¼

XNobs

i¼1

Texp ri; zið Þ � Tpred ri; zi;C1;ker;h
F

� �h i2
ð8Þ
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Fig. 1. Sketch of the experimental set-up.
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where Texpðri; ziÞ are experimental temperature data,

Tpred ri; zi;C1;ker;h
F

� �
are the values predicted by the model (Eqs.

(6a)–(6e)) and Nobs is the number observed temperatures for each
experimental condition defined by given packing size and shape
and water and air flow rates.

It is important to mention that no convergence problems were
detected in the regression procedure. In addition, the confidence
intervals for all the values of Nuw and ker, expressed as Dker/ker
and DNuw/Nuw, were always less than 13.3% and 15.9% for the tri-
lobe pellets, less than 16.1% and 15% for cylinders 1 and less than
38.8% and 12.1% for cylinders 2, respectively.

It is worth recalling that radial temperature profiles were mea-
sured for three different bed lengths 27, 47 and 87 cm, respec-
tively. Some of the data for the longest active bed and low
superficial liquid mass velocities were not employed in the regres-
sion because the radial temperature profiles were almost uniform
and close to the heating water temperature TC [17]. The
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Fig. 2. Sketch of the supporting plate of the bed including the position of the nine
thermocouples.
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thermo-physical properties of the fluids were evaluated at 40 �C,
being this value fully representative of the inlet and exit average
temperature for the whole set of experiments.
0.0
0.0 20.0 40.0 60.0 80.0 100.0

ReL

15<ReG<58 

Fig. 3. Nuw vs. ReL for the particles in Table 1. Symbols: experimental data. The
curves are predictions from Eq. (10) for each type of packing. The dotted-curve
corresponds to the large cylinders (deq = 9.6 mm).
4. Results and discussion

4.1. Experimental results and correlation for the wall heat transfer
coefficient (hw)

Mariani et al. [18] discussed the effect of the bed to particle
diameter ratio (a) on the heat transfer parameters hw and ker for
spherical particles. It was shown that the 2DPPFM cannot be suit-
ably applied when the bed to particle diameter ratio (a) is smaller
than around 15. The main reason found for this observation was a
considerable higher liquid velocity close to the wall than in the bed
core. This feature presents little effect for large values of a, but it
was most significant at the lower values of a. A two-region model
was successfully employed by Mariani et al. [18] to cope with the
behavior of spherical particles at low bed to particle diameter
ratios. Furthermore, it was proved that the behavior of such a
model nearly coincide with that of the 2DPPFM at larger values
of a. In particular, Mariani et al. [18] showed that values of the wall
heat transfer coefficient hw resulting from the use of the 2DPPFM
were abnormally high for spheres with a < 15. The present experi-
ments include cylinders 2 in Table 1 that render a = 5.35. Therefore,
it is relevant to disclose if cylinders 2 show a similar behavior as
that of spheres at low a. The results of hw (expressed as Nuw) are
plotted in Fig. 3 against liquid Reynolds number (ReL) for the set
of packings in Table 1 (the equivalent diameter deq is used in the
definition of Nuw and ReL). Values of a for the cylinders 1 and tri-
lobe pellets are higher than 15 (see Table 1) and it can be observed
in Fig. 3 that their values of Nuw are similar. Instead, values of Nuw

for cylinders 2 are much larger than for cylinders 1 and trilobe pel-
lets. Eq. (10), discussed further ahead in this section, is proposed to
correlate Nuw for the set of packings in Table 1, but excluding
cylinders 2. When this expression is employed for cylinders 2,
the dotted curve in Fig. 3 arises. The difference between this curve
and the experimental data reinforce the fact that the low value
a = 5.35 introduces a distinct effect that the 2DPPFM is not able
to quantify.

Therefore, the results obtained with cylinders 2 have not been
considered in this contribution to develop correlations for hw and
ker. They can be re-analyzed using a two-region model, as the
one proposed by Mariani et al. [18].

It has been previously shown by Mariani et al. [11] that the gas
superficial mass velocity G has a little impact on heat transfer
parameters for spheres. Then, the results for each spherical size
have been grouped irrespective of the value of G. On the contrary,
Nuw values for cylinder 1 (deq = 2.6 mm) and trilobe pellets have
been grouped in Fig. 3 according to those presenting low or high
gas Reynolds number (ReG). It is evident that, in spite of the signif-
icant change in ReG (around 12 times for trilobe pellets and 6 times
for cylinders 1), Nuw does not show any noticeable variation.
Therefore, within the studied range of gas superficial mass veloci-
ties, G does not seem to exert any appreciable influence on hw, irre-
spective of particle shape.

In a previous contribution Taulamet et al. [19] showed that it is
feasible to treat together results from heat transfer experiments in
TBRs corresponding to the low (gas continuous) and high interac-
tion regimes, provided that the interaction between both fluid
phases is not intense. Therefore, the results displayed in Fig. 3 were
used for developing a predictive expression, include data obtained
in the low and high interaction regimes, but those corresponding
to very large values of L and/or G were disregarded.

As a starting point to get a suitable general correlation for Nuw,
the expression proposed by Mariani et al. [11] for spheres has been
chosen. From Fig. 3, it can be visualized a significant effect of L
(ReL), which is similar in nature (i.e., Nuw monotonically increases
with ReL) for spheres, cylinders 1 and trilobe pellets. Thus, resort-
ing to the usual assumption that conductive and convective contri-
butions are additive, the following type of expression is proposed,

Nuw ¼ Nuw0 þ awRe
bw
L Pr1=3L ð9Þ

where Nuw0 is the conductive contribution to heat transfer at the
wall, which corresponds to the stagnant contribution, and aw and
bw are fitting parameters. Fitting values of Nuw0, aw and bw have
been first obtained for each type of packing by minimizing the

sum of squared differences between predicted Nupred
w

� �
and exper-

imental Nuexp
w

� �
values. Values thus obtained for bw did not differ

significantly for the different particles. On the contrary, consider-
able differences in the values of aw and Nuw0 arose. The fitting val-
ues of Nuw0 could be grouped in two sets: spheres and cylindrical
particles (cylinders 1 and trilobe pellets). On the other hand, it
was found that effect of particle shape on aw could be captured
by expressing: aw = a /c, where a and c are fitting constants inde-
pendent of particle shape. On this basis, a final regression analysis
on N = 46 experimental data led to the following expression:

Nuw ¼ Nuw0 þ 0:4/ Re0:7L Pr1=3L ð10Þ
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where

Nuw0 ¼ 2 ðspheresÞ
1 ðcylindrical particlesÞ

�
ð11Þ

The average absolute deviation defined as,

eNuw ¼ 100
N

XN
i¼1

Nupred
w;i � Nuexp

w;i

			 			
Nuexp

w;i

was 15.2% with an even distribution of 23 positive and 23 negative
deviations. Concerning the results for spheres, eNuw = 18%, while for
cylinders 1 and trilobe particles eNuw = 11%.

Eq. (10) is valid under the following conditions (employing
water and air as fluids):

1.5 � deq [mm] � 3; 17.1 � a � 34.3; 5.4 � ReL � 53.9
0.0029� uL [m/s] � 0.014; 0.31 � / � 1; 2 � ReG � 113
0.023 � uG [m/s] � 0.74

Values of Nuw0 are expected to depend on the thermal conduc-
tivity of the liquid and of the packing material. Therefore, the val-
ues reported in Eq. (11) can be confidently used if the thermal
conductivity of the fluid and the particles does not depart much
from that of water and for ceramic materials.

A satisfactory agreement between the experimental data and
values from Eq. (10) can be appreciated in Fig. 3, in particular,
for the cylindrical particles (cylinders 1 and trilobe pellets). The
general trend for spherical particles is also satisfactorily predicted,
in spite of the scatter of the experimental data. The noticeable dif-
ference in the scattering for spheres as compared with cylindrical
particles may be assigned to the low contribution of wall heat
transfer resistance (Rw = 1/hw) to the overall bed thermal resis-
tance for spheres (see Section 4.3), which makes the experimental
determination of hw more inaccurate.

It is also observed from Fig. 3 that the Nuw values for cylinders 1
and trilobe pellets are, on average, 2 and 3 times lower than for
spheres. The reasons for such differences can be found in the differ-
ent fluid-dynamic behavior of cylindrical particles and spheres in
the near wall region. In this sense, it is worth to mention that Giese
et al. [20] performed experimental measurements of the radial
velocity profile for water flowing (single phase flow) in a tube
packed with cylinders and spheres of different sizes. The authors
found that the superficial-velocity radial profile is nearly uniform
for cylinders, but local velocities are neatly higher for spheres up
to distances of around dp/2 from the wall. These results suggest
that the fraction of liquid that circulates in the near wall region
suffers, on average, larger friction forces for a cylindrical packing
than for the spherical one. Of course fluid-dynamics for trickling
flow is different than for a single-phase flow (as TBR is gravity-
driven flow while single-flow is forced convection and also the
total liquid saturation is always less than the overall bed void frac-
tion in TRB), but a correlation most probably holds. As hw will
strongly depend on the local superficial velocity close to the wall,
values for spheres will be consequently higher than for cylinders,
when compared at the same average superficial velocity (i.e., at
the same value of ReL).

4.2. Experimental results and correlation for the effective radial
thermal conductivity (ker)

Aiming to develop a correlation for ker, the experimental data
collected for the packing in Table 1, but excluding cylinders 2 for
the reasons mentioned in Section 4.1, and a literature database
[8] were employed. The purpose of incorporating the literature
data was to broaden the set of operating and geometric conditions
(i.e., bed to particle diameter ratios, gas and liquid superficial mass
velocities) and to include different experimental set-ups and pro-
cedures for data reduction.

Concerning the flow regime, data of low interaction regime and
data of high interaction regime not far from the transition have
been included, as in the case of hw (Section 4.1).

In a recent review Taulamet et al. [8] showed that the correla-
tions from Lamine et al. [21] and Mariani et al. [11] present the
lowest errors in the predictions of ker in low interaction regime
when such expressions are compared against experimental data.

In regards to the effect of the liquid superficial flow velocities,
both correlations predicts ker / Lb, with b < 1; this aspect differs
from single-phase flow expressions that set a linear relationship,
b = 1. This value is supported by the fluid lateralization model orig-
inally derived by Ranz [22], which predicts the linear relationship
as a consequence of the proportional increase in the interstitial
velocity as L increases. In the case of two-phase flow an increase
in L also causes an increase in the total liquid saturation (bT), and
the net effect of L on the interstitial velocity is therefore somewhat
less than for the single-phase flow.

The effect of G on ker is much weaker that the effect of L, most
probably on account of the fact that usual values of G are definitely
much lower than L. The effect exerted by G on ker can be ade-
quately introduced through bT, as proposed by Lamine et al. [21]
and Mariani et al. [11] in their correlations.

Recognizing the fact that in this study the liquid phase is always
water it is stated that ker / Pr, as Lamine et al. [21] and Mariani
et al. [11] suggested. From the above discussion the following
expression is proposed to correlate the ker data

ker ¼ ke0 þ akRe
bk
L bck

T PrLkL ð12Þ
ke0, ak, bk and ck are fitting parameters depending, in principle, on
particle shape.

To estimate the total liquid saturation, Larachi et al. [23] expres-
sion will be employed.

A preliminary analysis [8] indicated that the conductive term
ke0 represents a very small contribution for the range of experi-
mental liquid flow rates. Consequently, ke0 cannot be correctly dis-
criminated for different particle shapes, and therefore a common
value was included as a fitting parameter.

Fitting of the experimental data just for spheres leads to ck � �1
and bk � 1. These values are also assumed to be valid for all shapes.
Then, Eq. (12) is reduced to

ker ¼ ke0 þ ak
deqLCpL

bT
ð13aÞ

From a physical point of view, expression (13a) state that ker
linearly depends on the liquid interstitial velocity [i.e., uLi = L qL/
(e bT)]. On the other hand, as discussed before, the effect of G on
ker can be adequately considered by its influence on bT. In the
single-phase flow literature, the parameter ak is employed to intro-
duce the effect of the bed to particle diameter ratio (a), reaching an
asymptotic value for a?1. Here, ak has been also assumed to
depend on particle shape through the ratio /. Thus, expression
(13b) is considered for ak.

ak ¼ x
/m

1þ fam=/n ð13bÞ

The data for spherical packing reveal that m = 2 can be satisfac-
torily used in Eq. (13b), just as suggested by Fahien and Smith [24].
This value was adopted for all particle shapes. In this way, there
remain 5 fitting parameters in Eq. (13): ke0, x, f, m and n. The opti-
mum values for them have been obtained by minimizing the sum
of squared differences between 171 experimental values of ker and
their predictions from the proposed model. The final correlation
becomes
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Fig. 5. Effect of dp on ker for spheres. Symbols: experimental data. Continuous lines:
predictions from Eq. (14).
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ker ¼ 0:87kL þ 1=9
/�0:4

1þ 100a2=/1:8� � deqLCpL

bT
ð14Þ

The average relative deviation of Eq. (14) was 15.7%, with a rea-
sonably balanced error distribution (71 positive and 100 negative
values). Spherical packing showed an average deviation of around
17%, while that for non-spherical particles was 11%.

The value x = 1/9 arising when a?1 for spheres (/ = 1) lies in
the typical range reported for single-phase flow in packed bed. In
his review article, Dixon [25] reported values ofx from 1/12 to 1/8.

Fig. 4 shows a parity plot for ker, which includes the whole set of
experimental data employed in the regression (the sources of
experimental data are also identified in Fig. 4). It can be visualized
a certain degree of scatter, in particular for the spheres, most likely
due to the different experimental set-ups and procedures for data
reduction employed in each of the literature sources.

Eq. (14) can be safely used under the following conditions
(water and air as fluids):

1.5 � deq [mm] � 6; 15.4 � a � 54; 2.4 � ReL � 200
0.00059� uL [m/s]� 0.024; 0.31 � / � 1; 0.028 � ReG � 300
0.00012 � uG [m/s] � 1.06

Despite the fact that Eq. (14) was obtained using water and air,
it is very likely that it can also be suitable for fluids with similar Pr
numbers, particularly for the liquid phase.

It should be pointed out that Eq. (14) has different ranges of
applicability than those for Nuw (Eq. (10)), due to different sources
of experimental data used in each regression.

It is interesting to test the performance of the correlation (Eq.
(14)) when the main geometric and operating variables are
modified.

Fig. 5 presents the variation of ker in terms of L for three sizes of
spheres and similar values of the gas flow rate. Experimental data
for the lowest particles diameter (dp = 1.5 mm and 3 mm, a = 34.3
and 17.1, respectively) were obtained by Mariani et al. [11], while
the data for spheres with the highest diameter (4.3 mm, a = 17.7)
1
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Matsuura et al. [28] 

Lamine et al. [21] 

Crine [29] 

Borremans et al. [26] 
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Borremans et al. [26] 
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Fig. 4. Parity plot of experimental and predicted (Eq. (14)) values of ker. (See above-
mentioned references for further information.)
were reported by Matsuura et al. [28]. It is clear from Fig. 5 that
ker always increases as dp increases irrespective of the value of
the bed to particle diameter ratio. Eq. (14) is able to tightly capture
the described behavior.

Fig. 6 presents ker in terms of ReL for the experimental data
reported by Borremans et al. [26] and estimates from Eq. (14),
0.0
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0 20 40 60 80
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[W m-1 K-1] ReG = 10.90 

ReG =  2.18 

Fig. 6. ker versus ReL for cylinders. Symbols: Borremans et al. [26] experimental
data (deq = 1.85 mm; / = 0.43; a = 54). Continuous lines: predictions from Eq. (14).
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Fig. 7. ker versus L for different particle shapes. Symbols: experimental data. Continuous lines: predictions from Eq. (14).
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for cylindrical particles and two values of G. As happens for
spheres, the greater L the greater ker. In addition, ker slightly
increases as ReG does (increasing ReG five times leads to values
of ker around 20% higher). A remarkable agreement between exper-
imental values and results from Eq. (14) can be appreciated.

Predictions from Eq. (14) and experimental values of ker from
different sources including cylinders and spheres are compared
in Fig. 7. Two sets of data for 3 mm spheres are included (Borre-
mans et al. [26] and Mariani et al. [11]). A satisfactory agreement
is evident.

The effects of the particle shape and size and tube size were
introduced in Eq. (14) by means of three geometrical magnitudes:
the equivalent diameter deq, the particle aspect ratio /, and the bed
to particle diameter ratio a. Eq. (14) seems to appropriately com-
bine the incidence of each magnitude. Nonetheless, it should be
noted that a limited number of non-spherical particles have been
involved in fitting the parameters of Eq. (14). Experimental data
in the range 0.5 < / < 1 would be desirable to further test Eq. (14).
4.3. Analysis of the overall bed to wall heat transfer resistances

It was discussed in Section 4.1 that values of Nuw are signifi-
cantly lower for cylindrical particles (circular cylinders and tri-
lobes) than for spheres, at least for bed to particle diameter
ratios a larger than 15. Then, it becomes important to disclose
the effect of particle shape on the ratio between the wall thermal
resistance (Rw = 1/hw) and the overall thermal resistance of the
bed (RT = 1/hT). This feature will be analyzed in this section when
the gas and liquid streams solely exchange heat with the wall
(i.e., in the absence of catalytic reactions), as was the case of the
experimental conditions considered in this contribution. Assuming
for simplicity a uniform wall temperature and axial positions far
enough from the inlet (i.e., negligible entry effects) that only the
term corresponding to the smallest eigenvalue b1 in Eq. (6a) is
significant,

Tw � T
Tw � T0ð0Þ ¼

4C1exp �b2
1z

�
� �

b2
1 1þ ðb1=BiÞ2
h i ð15Þ

where Bi ¼ ðhwRtÞ=ker and b1 is the smallest root of
Bi J0ðb1Þ ¼ b1J1ðb1Þ.

The overall heat transfer coefficient hT between the bed and the
wall is defined as,

q ¼ hTðTw � �TÞ ð16Þ
where �T is the radially averaged temperature value.

An overall heat conservation equation can be written on a dif-
ferential length dz as:

q 2pRtdzð Þ ¼ pR2
t LCpL þ GC�

pG

� �
d�T ð17Þ

Then, combining (16) and (17)

hT ¼ Rt

2

LCpL þ GC�
pG

� �
Tw � �T
� � d�T

dz
ð18Þ

If (15) is used to evaluate �T and d�T=dz, the following expression
results for hT

hT ¼ ker
b2
1

2Rt
ð19Þ

The detailed procedure to link hT with ker and hw can be found
in Barreto and Martínez [30].

To avoid the evaluation of b1, the following approximate
expression proposed by Bruno et al. [31], which presents a maxi-
mum error of 0.9%, is employed:
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hT ¼ hwffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 0:5Biþ 0:12ðBiÞ2

q ð20Þ

Fig. 8 shows the relative heat transfer resistance at the bed wall,
defined as RwT = hT/hw, versus ReL, calculated with the experimen-
tal values of hw and ker for the set of particles in Table 1, but
excluding cylinders 2. Continuous curves are trend-lines, just
included for visualization purposes. It is evident from Fig. 8 that
the non-spherical particles (cylinders 1 and trilobe pellets) present
higher relative resistance at the bed wall than spheres, in particu-
lar, when the comparison is performed between particles of similar
bed to particle diameter ratio a (spheres 2 versus cylinders 1 and
trilobe pellets), thus stressing an important effect of the particle
shape. On the other hand, it should emphasized that, in spite of rel-
atively large values of a for cylinders and trilobe pellets, the level of
wall thermal resistances is most significant.
5. Conclusions

The two-dimensional pseudo-homogeneous plug flow model
(2DPPFM) with two thermal parameters (effective radial thermal
conductivity, ker and wall heat transfer coefficient, hw) has been
employed to analyze new experimental heat transfer data for cir-
cular cylinders of two sizes and for trilobe particles along with lit-
erature information. In line with the conclusion previously
discussed by Mariani et al. [18] for spherical packings, it is verified
in this contribution that the 2DPPFM cannot suitably account for
the thermal behavior of large cylinders leading to low ratios
between bed diameter and equivalent particle diameter (a). Fur-
ther analysis described in this work was therefore restricted to
experimental data involving a > 15.

Correlations to predict hw and ker for particles of different sizes
and shapes and a wide range of liquid (L) and gas (G) superficial
mass velocities have been proposed. The correlation for hw (Eq.
(10)) was based on experimental data for spheres from Mariani
et al. [11] and those presented here for circular cylinders and tri-
lobes. The effect of G was found to be very weak while the effect
of L is strong and accounted for by the correlation nearly in the
form hw / L0.7. The effect of the particle shape on hw could be
appropriately described in terms of the diameter to length ratio
/ (aspect ratio) of the particles. The average relative deviation
between experimental and predicted values of hw was 15.2%.

Aiming to elaborate a correlation to estimate ker (Eq. (14)) the
data introduced here and those from several literature sources
were employed. Concerning the contribution of the liquid phase
convection, the form of Eq. (14) turned out to be similar to those
employed to predict the ker in single phase-flow in packed beds,
when compared on the basis of the liquid interstitial velocity. In
this way, the liquid saturation bT is explicitly introduced in Eq.
(14). The effect of G arises indirectly through its effect on bT. The
influence of the size and shape of particles on ker was properly
accounted for by employing the equivalent diameter deq and the
aspect ratio /. The proposed correlation for ker represents satisfac-
torily an extensive set of experimental data from different sources
involving a wide range of operating and geometric conditions, dif-
ferent experimental set-ups and procedures for data reduction. The
average relative deviation between experimental and predicted ker
for the whole set of data was 15.7%.
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