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Abstract

Trickle Bed Reactors (TBRs) are widely used for production of cleaner fuels. For a given
catalyst and process conditions, the performance of TBRs is known to be influenced by the
local liquid volume fraction (&) distribution. In the present work, we performed Eulerian
multi-fluid simulations to understand the contributions of different interphase interaction forces
such as gas-liquid (l_fGL), gas-solid (l_st) and liquid-solid (ﬁLS) forces, capillary pressure force
(FC) and mechanical dispersion force (IE)D) to the local liquid spreading and how their
contributions change with changes in gas and liquid flow rates (Q; and Q, ), surface tension (o)
and liquid viscosity (u;). Further, we also simulated the effects of Q;, Q;, o and y; on bed
scale parameters such as pressure drop (AP) and overall liquid hold-up ({¢;)) and importantly
on the local liquid spreading and validated the predictions using the measurements. Using the
simulations performed for different particle diameters without and with l_fc and ﬁD, we show
that the ﬁD contributes marginally to the local liquid spreading. Through the comparison of the

order of magnitudes of l_fGL, l_st and l_fLS, we show that ﬁley significantly contributes to local
liquid spreading, AP and (g;). While the use of existing ﬁLS model proposed by Boyer et al.

(2007) was found to overpredict the local liquid spreading, AP and (g, ), the modified F)LS model
led to satisfactory predictions of AP and (g; ). The predictions of the local liquid spreading, AP
and (g, ) are validated using the measurements of Saxena et al. (2023) for different Q, Q;, ©
and p; and the modified model was found to accurately predict the local liquid spreading, AP
and (g;) for wide range of parameters. Further, despite the increase in liquid accumulation in
centre due to increase in the gradient of ¢, and ﬁc, the lateral liquid spreading is found to
marginally decrease with the decrease in 6. We also found the contribution of viscous
components of l_J)GL, l_J)GS and 1_5Ls to the lateral liquid spreading to be negligible. However, a
significant increase in &;, and AP with the increase in y; was observed. The present work is an
important step in extending the experimentally validated CFD model for reactor simulations

by incorporating reactions and heat effects.


mailto:vvbuwa@iitd.ac.in

Keywords: Trickle-bed reactor, Local liquid distribution, Computational Fluid Dynamics,

surface tension, viscosity, Eulerian simulations.
1 Introduction

Trickle bed reactors (TBRs) are widely used for hydro-desulfurization and hydrocracking
of petroleum products and the hydrogenation of vegetable oils. Due to rising environmental
concerns and strict restrictions (e.g., sulphur content < 10 ppm) on fuel quality, it has become
essential to improve the performance of TBRs. For a given catalyst and process conditions, the
performance of TBRs is strongly influenced by the local liquid distribution. A poor liquid
distribution can result in localised hot spots (e. g., Agrawal et al., 2007; Atta et al., 2007). The
local liquid distribution inside a TBR is a strong function of fluid flow rates, particle shape/size,
and fluid physical properties such as surface tension (o) and liquid viscosity (y;, ). Therefore, it
is important to develop computational fluid dynamics (CFD) models that can accurately predict
the local liquid distribution in TBRs.

Since the pressure drop across the bed (AP) and the overall liquid holdup ({¢.)) are the key
hydrodynamic parameters, significant research efforts have been made to develop CFD models
that can accurately predict the AP and (g;). Over the last few decades, the effects of the
parameters like fluid flow rates and wettability on AP and (&) have been extensively studied
(Al-Dahhan et al., 1998; Jiang et al., 2002; Gunjal et al., 2003, 2005; Boyer et al., 2007 and
Lappalainen et al., 2009). Moreover, a few studies in the past emphasised the importance of
hydraulic tortuosity (the flow path of a liquid phase in a tortuous structure) in porous media
(Narasimhan et al., 2004; Boyer et al., 2007; Ghanbarian et al., 2013) to improve the predictions
of AP and (g;). Ghanbarian et al. (2013) recommended the inclusion of the tortuosity
(hydraulic) factor in the gas-liquid (l_fGL), gas-solid (ﬁGS) and liquid-solid (FLS) interphase
interaction force closure models proposed by Attou and Ferschneider (1999, 2000) in order to

use these models for the flow through the complex/tortuous structures. Narasimhan et al. (2004)



reported that the tortuous paths and the tortuosity effects change with flow parameters. Later,

Boyer et al. (2007) modified the _ﬁLS proposed by Attou and Ferschneider (1999) to including

the liquid flow tortuosity factor, to improve the predictions of AP and (g;). However, the

modification proposed by Boyer et al. (2007) in the ﬁLS closure model depends on the nature
of the fluids (i.e., aqueous, or organic fluids). However, a CFD model that can not only predict
the AP and (&) accurately over a wide range of parameters like fluid flow rates and fluid
physical properties (e.g., 6 and y;) but also the local liquid distribution continues to be a
challenge.

In the past, the Eulerian multi-fluid model has been used to simulate the bed-scale local
liquid distribution in TBRs, in which the volume-averaged mass and momentum conservation
equations are solved for both the fluid phases (i.e., gas and liquid), whereas the solid phase
remains stationary (e.g., see Jindal and Buwa, 2017; Dhanraj and Buwa, 2018; Boyer et al.,
2005; Jiang et al., 2002). Since the Eulerian multi-fluid model assumes all the phases to be in

interpenetrating continuum, different closure models have been proposed to calculate the
momentum exchange through the gas-liquid (ﬁGL), gas-solid (ﬁcs) and liquid-solid (ﬁLs)
interaction forces (Saez and Carbonell, 1985; Holub et al., 1992; Attou and Ferschneider,
1999), mechanical dispersion (ﬁD) (Lappalainen et al., 2011, 2009a), and capillary pressure
force (ﬁc) (Attou and Ferschneider, 1999a; Lappalainen et al., 2009b). In the past, ﬁc was
calculated in two different ways, i.e., ﬁc = g, VP; (e.g., Solomenko et al., 2015; Lappalainen
et al., 2009b), and ﬁc = — P:Ve, (Boyer et al., 2005; Jiang et al., 2002; Jindal and Buwa, 2017;
Dhanraj and Buwa, 2018). I?'C = g, VP, formulation leads to an additional factor ¢ /3(1 — &;)
in the original mechanistic model proposed by Attou and Ferschneider (1999), which

diminishes the effect of the dp, Q; and Q;, on the local liquid spreading (Dhanraj and Buwa,

2018).



Furthermore, the mechanical dispersion force (ﬁD) is also known to affect the liquid

distribution inside TBRs (Lappalainen et al., 2011, 2009a). Typically, in TBRs, the ﬁD arises
(a) due to the velocity gradients because of the presence of solid particle walls, (b) due to the

variation in the pore size, and (c¢) due to fluctuations in mean flow streamlines (Lappalainen et

al., 2009b). A few researchers have discussed the phenomenological model for ﬁD

(Lappalainen et al., 2009a, 2011; Fourati et al., 2013). Lappalainen et al. (2009a) investigated

the contribution of ﬁD to the liquid spreading and showed that the FD has a significant effect

on lateral liquid spreading at large dp (approx. dp > 10 mm). Further, Solomenko et al. (2015)
reported that it is important to incorporate the closure model of ﬁD for both gas and liquid

phases to capture the desired lateral liquid spreading and showed that the contribution of l_fD is

significant for the spherical particles with dp = 6 mm. However, Jindal and Buwa (2017) and

Dhanraj and Buwa (2018) showed that the capillary pressure formulation of F)C = —P:Vis

sufficient to predict the local liquid distribution for dp < 8 mm. Due to these uncertainties, the

necessity of ﬁD for the predictions of local liquid distribution in TBRs packed with spherical
particles needs to be further investigated.

In the past contributions from our research group (e.g., see Solomenko et al., 2015 and
Jindal and Buwa, 2017), investigations on the effect of Qg, Q. and dp on the liquid spreading
using two different approaches (i.e., porous media and Eulerian) are reported. According to
Solomenko et al. (2015), an increase in QL promotes radial liquid spreading only close to the
bed inlet, whereas Qg has a negligible effect on the radial liquid spreading. However, it is still
not known whether the model can accurately predict the observed change in the radial liquid
spreading in the measurements with the change in Q, because of the limited range of operating
conditions considered in the previous work. Later, Jindal and Buwa (2017) showed an increase

in lateral liquid spreading with the increase in @, whereas the model was comparatively less



sensitive towards the change in the lateral liquid spreading with the change in Qg as compared

to the observed change in the lateral liquid spreading. Since the model was found to overpredict

the effect of Q;, Q; and dp, an empirical modification to the ch was proposed to accurately
predict the effect of the parameters mentioned above on the local liquid spreading. While the
modified model accurately predicted the effect of dp on the dynamics of liquid spreading, the
ability of the model to predict the effects of Q;, @, 6 and u on the local liquid spreading, AP
and (g, ) are still needs to be established.

In order to predict the effects of Qg, Qp, 6 and y; on the local liquid spreading, AP and

(g1); it is important understand how the order of magnitude of different interphase coupling

forces (ﬁGL, l_st and l_fLs) change with the change in Q;, Q,, ¢ and y; and influence the local
liquid distribution. Further, how the particle diameter influences contributions of the capillary
and mechanical dispersion forces, that govern the lateral (or radial) liquid spreading, was
investigated in past by the Solomenko et al. (2015), David and Buwa (2018) and Lappalainen
et al. (2009b). However, how these forces scale with Q, Q;, o and y; and influence the local

liquid spreading is not yet understood.

Further, it is important to develop a CFD model that can not only predict the effects of Qg,
Q. and dp on the liquid distribution but also can predict the effects of the fluid phase properties
(o and p;) on the local liquid distribution. Moreover, as discussed before it is also important to
understand how the contributions of different interphase coupling forces, capillary and
mechanical dispersion forces vary with Q;, Q;, ¢ and y; ; and their influence on the local liquid
distribution in TBRs at different operating conditions. It is also important to validate the
predictions of the CFD models using local liquid distribution measurements under different
operating conditions. In view of this, the present work is carried out with following objectives
(a) to investigate the effects of Q, Q, o and y; on the local liquid distribution, AP and (g, ),
(b) to experimentally validate the CFD model at different Q;, Q;, o and y;, (¢) to understand
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the contributions of interphase coupling forces, capillary and mechanical dispersion forces to

the liquid spreading at different Q, Q;, o and ;.

2 Computational Model
2.1 Governing equations

The Eulerian multi-fluid model, which assumes the fluid phases to be in interpenetrating
continuum, is used to simulate gas-liquid flow in a pseudo-2D rectangular bed as considered
in the measurements. The volume-averaged continuity and momentum equations are solved for
each fluid phase (air and water), whereas the solid phase remains stationary. The conservation
equations for fluid phases by assuming the flow to be laminar and fluids to be incompressible
and Newtonian are given as follows:

Gas phase:

0 o
a(fcpc) + V- (egpctig) =0 (1)

a — - — — - = = =
E(Sapcuc) + V: (egpglicic) =—¢&cVP + V- (gguVig) + e6ped + Fer + Fgs +Fp ()
Liquid phase:

d ~
7t (eLp) + V- (gppti) =0 3)

a — - — — - = = = =
7t (eppptiy) + V- (eppptigtiy) = —€,VP + V- (eLu Vi) + e1prg + Fig + Fis + Fc + Fp 4)

In Egs. (1) - (4), €, and gg represent the liquid- and gas- phase volume fractions,
respectively. py, and pg are the liquid- and gas- phase densities, p;, and pg are liquid- and gas-
phase viscosities, respectively, and Uy, and Ug represent the liquid- and gas- phase velocities,
respectively. l_fLs, l_J)GL and ﬁcs account for the momentum exchange between liquid and solid,

gas and liquid-, gas- and solid- phases, respectively. ﬁc accounts for the capillary pressure force

that arises due to the pressure difference across the interface between two immiscible phases



(liquid- and gas-). fDL and ﬁDG represents the mechanical dispersion forces for the liquid- and

gas- phases, respectively.
Phase interaction forces:

The phenomenological models for phase interaction forces and capillary pressure given by

Attou and Ferschneider (1999) and Attou and Ferschneider (2000) are used in the present work.

ﬁGL = K¢ (ﬂc - ﬂL) (5)
ﬁcs = Kgs (176) (6)
(7

ﬁLS = K5 (aL)

Where, Kg,Kgsand K;g are the gas-liquid, gas-solid and liquid-solid interphase

interaction coefficients [see Eqs (5) — (7)], and are calculated as shown below in Eqgs. [(8)-

(10)].
2 2 1
K. — ¢ Eipc(1—gg) ( s >3+EZPG(1—56)< s )3|ﬁ —a
GL G dPZgGZ 1-— &g dPSG 1-— &g G L (8)
\ J | J
1 |
Viscous (v-component) Inertial (i-component)
2 1
Eipg(1 —g5)? ( s >§ Ezpc(1—g5) ( €s )5 -
Koo =
T < dp’eg? 1-¢g " dpég 1-¢ el ©)
\ ] \ J
1 1
Viscous (v-component) Inertial (i-component)
Ejppes® | Epppes
K o=
A < dPZELZ dpéL | (10)
Viscous Inertial

(v-component) (i-component)

In Eqgs. (8) — (10), E; and E, are the Ergun constants; the values for these constants used
in the present work are 180 and 1.8, respectively (Jindal and Buwa, 2017). €5 and dp represent

the solid phase volume fraction and particle diameter, respectively.



Further, the capillary pressure force formulation proposed by Attou and Ferschneider

(2000) and further modified by Dhanraj and Buwa (2018) is used in the present work for the

calculation of l_fc:

1

B - _ & )3 1 e\ [ e (. 06y] > 11
F,=—-PVe =20 (1_56) ( T dp) (1+88.1 pL) [ 2 (es )] Ve, (11)
where, the capillary pressure (P,) is:
£ % 1 P\ [ dp -13.957 12)
= — LEECAR 1N Y 0.6
Pe=-20 (1 — eG) <(1 — gs)d,,> (1 +88.1 pL) [dthr (&5 )]

In Eq. (12), o is the air-water surface tension, and d;j, is the throat diameter which is
calculated by dividing the total bed pore volume (3;; V;) by the total surface area of bed pores (3; SA;)

as shown below in Eq. (13).

2cVi (1 - &)V, 1—¢
A =6 _ s)Vp =( S)d 13
thr ZiSAi (VBgs)ndz & p ( )
N Vp p

In Eq. (13), Vg, Vp, and N are the bed volume, the volume of a particle, and the number of pores,

respectively.

Mechanical dispersion forces:

The mechanical dispersion force closure model proposed by Lappalainen et al. (2009b and
2011) 1s used in the present work.

Fpe = Kgpipg + K, (Up g — tp 1) (14)

Fp = Kysup; + K (lip, — tpg) (15)

In Eqs. (14) and (15), ¢, tp, and are the drift velocities for the gas and liquid phase,

respectively, and are calculated as:



—

Ui
Il |

(16)

Sm
tp; = o Ve — (Ui - Vey)
K

In Eq. 16 S, is the spread factor, which is calculated by the correlation proposed by

Lappalainen et al. (2009b) as shown below:
Sy = 0.015 x dp°® (17)

2.2 Solution domain, boundary conditions, and numerics

The solution domain, the same as that used for measurements, is considered for the
simulations (see Figure 1). Air (pg = 1.225 kg/m3, ug = 1.789 X 1075 kg/ms) is used as the
primary phase, water (p, = 998.2 kg/m3, u; = 0.001 kg/ms) and glass (dp =2 —

8 mm, pg = 2500 kg/m3) are used as the secondary phases. The average bed porosity
measured by Saxena et al. (2023) is considered in the present work, and all the simulations are
performed by patching liquid volume faction of 0.01 to mimic the pre-wetting condition in the
complete domain. The velocity inlet boundary condition is specified at the gas and liquid inlets,
and the no-slip condition is specified at column walls. The pressure outlet boundary condition

with zero-gauge pressure is specified at the outlet.

The commercial flow solver ANSYS FLUENT 2021R1 is used to perform transient 3D
simulations on a pseudo-2D rectangular column using the Semi-Implicit Method for Pressure
Linked Equations (SIMPLE) algorithm for pressure-velocity coupling. Quadratic Upstream
Interpolation for Convective Kinematics (QUICK) scheme is used to discretise spatial
derivatives. The first-order implicit scheme is used to discretise the time derivatives [Eqs. (1)
— (4)]. The interphase interaction forces, capillary pressure, and mechanical dispersion forces
[Egs. (5) — (17)] are implemented in the commercial solver using the user-defined functions
(UDFs). All the simulations reported in present work were performed using the PADUM:

Hybrid High-Performance Computing (HPC) facility at the Indian institute of technology (IIT),



Delhi. The typical computational time needed for simulations to reach steady-state varies

between 40 to 120 hours on an 8-core processor.

Liquid inlet

Gas inlet

l A
0.02m
“a
1.2m
v
y b
k'x
z
Geometry Mesh

Figure 1. Typical computational domain and mesh

3 Experiments

The local liquid spreading measurements were performed using high speed imaging in our
research group by Saxena et al. (2023) using a pseudo-2D rectangular column (H=1.2 m, W
=0.4 m, D = 0.02 m) packed with spherical glass beads (dp = 0.004 m) were used to validate
the simulations reported in present work. The details of the measurements performed for the
Q¢ and Q,, in the range of 0 - 10 Nm?/h and 0.024 — 0.054 m>/h, respectively, and for the three
different values of ¢ (0.025, 0.052 and 0.072 N/m) and y;, (0.001, 0.005 and 0.01 Pa-s) used in
the present work can be found in Saxena et al. (2023). During all these measurements the

system was allowed to achieve the steady state liquid spreading. The measured steady-state
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liquid distribution, bed pressure drop (AP), and overall liquid holdup ({¢;)) for the above-

mentioned Q;, Q;, o and y; were used in the present work to validate the CFD model.

4 Results and discussion

The initial simulations were performed to investigate the effect of grid resolution on the
steady-state liquid distribution, AP/L (L is the length of column) and (A¢; ). Simulations were
performed until the lateral liquid spreading, AP and (A¢; ) were found to be constant (indicating
steady state). Three different grids, coarse (12000 cells with Ax = 0.008 m, Ay = 0.01 m, Az =
0.01 m), medium (24000 cells with Ax =0.008 m, Ay = 0.01 m, Az = 0.005 m) and fine (48000
cells with Ax = 0.005 m, Ay = 0.01 m, Az = 0.004 m) were considered. The steady-state liquid
distribution and liquid fronts for these three grids are shown in Figure 2 [(a) - (d)]. The steady
state liquid front lines shown in Figure 2 [(a) - (d)] and in all subsequent figures are the isolines
of g, on center plane i.e., z=0.01 m, extracted at the 7 % of bed porosity (i.e., isolines at £, =
0.07¢). Qualitatively, the effect of grid resolution on the steady-state liquid distribution was

found to be marginal for the medium and fine grids (see Figure 2).

Table 1: Effect of grid size on pressure drop and overall liquid volume fraction

_ Pressure drop Overall liquid volume
Ond (AP/L, N/m%) fraction (Ae)
Coarse (12000) 380 0.0309
Medium (24000) 464 0.0311
Fine (48000) 490 0.0313

The effect of grid size on the AP/L and the (Aeg;) is shown in Table 1. The change in the
pressure drop predicted using coarse and fine grid was 22.45 % and that between medium and
fine grid was 5.3 %. The change in the overall liquid volume fraction for all the three grid sizes
was found to be less than 1 %. Therefore, all further simulations were performed by using the

medium grid.
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Figure 2. Effect of grid resolution on the steady-state liquid distribution for three different
grid sizes (a) coarse (12,000 cells), (b) medium (24,000 cells), (c) fine (48,000 cells), and (d)
comparison of steady-state liquid fronts for different grids (Q. = 0.054 m*/h, Qg = 6 Nm?/h, dp
=0.004 m)

4.1 Forces governing bed scale liquid spreading in TBR

As mentioned in Section 1, the capillary pressure, interphase interaction and mechanical
dispersion forces govern the bed-scale liquid spreading. Capillary pressure (P.) arises due to
the pressure difference across the interface between the two fluids. The interphase interaction
terms ﬁGL, ﬁGS, and _ﬁLS represent the momentum exchange between gas-liquid, gas-solid, and
liquid-solid phases, respectively. To understand the relative contributions of different forces,
we compared the x-, y- and z- components of different forces in the entire solution domain at
steady-state conditions. The histograms of different components of forces at steady state shows

that only the y-component (axial) of ﬁGL,, FGS and FLS terms and the x-component (lateral) of

l_fc, F)D, G and F)D, 1 are dominant (Supplementary Figure 1, 2 and 3 (a)). Therefore, only these
components of the respective forces are analyzed in this and all subsequent sections. As
mentioned in Section 1, different capillary pressure formulations (—P.Ve;, and € VP.) were

used in past to simulate the bed-scale liquid distribution. While —P.Ve;, was found to
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overpredict the liquid spreading (Jindal and Buwa, 2018), the ¢ VP. formulation required
additional closure models of the mechanical dispersion forces (1_:)1), G and 1_:)1), L) to predict the
liquid distribution (Solomenko et al., 2015). Due to these uncertainties, the effect of order of

magnitude of ?D, G and _13D’ L on the liquid distribution at bed scale was further investigated.

1.2 1.2 1.2
1 1 1
€L
. 0.37 go.s go.s go.a EO.B
029 8 © o 8
’ o o o 2
I T 06 T 06 T 06 B 0,
0.25 § § T“,’ Tg
o2 g 5 5 5
> > > >
- 0.17 04 0.4 0.4 0.4
-0.13
0.09
02 02 0.2
0.05
0.01
0 0 0 0 ;
0 01 02 03 04 0 01 02 03 04 0 01 02 03 04 0 01 02 03 04
Lateral distance (m) Lateral distance (m) Lateral distance (m) Lateral distance (m)
— dp,=8mm
— dp=4mm
— dpy=2mm
(a) (b) (©) (d)

Figure 3. Effect of particle diameter on the liquid volume fraction distribution, (a) 8, (b) 4, and
(c) 2 mm, and (d) comparison of the steady-state liquid fronts (Qr = 0.054 m*/h, Qc = 6 Nm*/h)

To understand the contribution of I_S)D, G and I_S)D, L to the bed-scale liquid distribution, we
performed additional simulations by incorporating the closure models for ﬁGL, ﬁGs, F)LS, F)D, G

and F)D, L in gas and liquid momentum equations. The closure model for ﬁc was not
incorporated and the Qg, Qi and fluid physical properties were kept constant. Figure 3 [(a)-
(c)] shows the effect of dp on the steady-state liquid volume fraction, and Figure 3 (d) shows
the comparison of the steady-state liquid fronts for different values of dp. It can be seen from
the Figure 3 [(a)-(¢)] that the decrease in dp increases the liquid accumulation, specifically in
the center. Also, the spreading was found to increase only near bed inlet and as a result the
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lateral spreading for dp = 2 mm was found to be of same order at both the inlet and outlet (see

Figure 3 [(a)-(¢)]). This is also evident from the steady-state liquid fronts shown in Figure 3

(d). Thus, ?D, G and ?D, L were found to marginally increase the lateral liquid spreading with
the decrease in dp. Furthermore, in order to quantify the increase in F)D,G and F)D,L with

decrease in dp, the order of magnitude of different components of F)D,G and F)D,L were
calculated. The order of magnitude of F, |, was found to be significantly higher than that of
the Fp 1y, Fp, G, x and Fp g y (Supplementary Figure 3 (a)). Therefore, only the Fp, 1  for
different dp was further compared. It can be seen from the comparison of Fp |  shown in
Supplementary Figure 3 (b) that, with the increase in dp from 2 to 8 mm the contribution of

Fp, 1 x decreases only marginally. Therefore, since the IE)D’ G and I_S)D, L was found to marginally

affect the lateral liquid spreading, in particularly only near the bed inlet, the ﬁD, G and F)D, L

forces were not considered in further simulations.

4.2 Contribution of interphase interaction forces at varying gas flow rates

As mentioned in Section 1, that the CFD models reported in literature were not able to
accurately predict the effect of Qg on the local liquid distribution, accurately (e.g., see
Solomenko et al., 2015 and Jindal and Buwa, 2017). In order to improve the agreement between

the predictions and the corresponding measurements of (g;) and AP/L, the closure model for
ﬁLs (proposed by Attou et al., 1999) was empirically modified by Boyer et al. (2007) by
introducing an additional factor (g,/1 — €5)™ (see Eqn. (18)), where the value of exponent ‘n’

was considered as -0.54 for aqueous fluids and -0.02 for organic fluids.

ﬁLs _ ( £L, )n (EluLSSZ + EzpLEs IaLl)ﬁL (13)

1-¢&g dPZSL dp

We performed further simulations by incorporating the correction to ﬁLs proposed by

Boyer et al. (2007) with n = -0.54. Figure 4 shows the steady-state liquid fronts predicted by
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using the corrected fLs with n =-0.54, 0 and 0.45, at different Qg. It can be seen from Figure
4[(a)-(c)] that the agreement between the measured and predicted steady-state liquid spreading

was marginally improved at n = 0.45 (specifically at large Q).

1.2 —-
1 o ] - N
— 0.8 - = 3 -
E ] 4
q, (=]
[$] o
c a
o) !
B 1 |
T 0.6 = ] = -1 Measurements (Saxena et al., 2023)
8 ] — - = Prediction (n = - 0.54)
£ — Prediction (n = 0)
@ — = Prediction (n = 0.45
L ( )
] o
04 o N - .
[=] o
4 o
o
o o
g
15 ]
0.2 42 S L
la il
=] P
15 b
]
15 F
H |
b B

| e
0 0.2 0.4 0 0.2 0.4 0
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Since the steady-state liquid spreading was found to be marginally influenced by the
correction factor “n”, the effect of correction factor “n” on the macroscopic key hydrodynamic
parameters like (g;,) and AP/L was investigated. Figure 5 shows the effect of correction factor
“n” on the steady state (¢,) and AP/L at different Qg and the comparison of predictions at
different “n” with corresponding measurements at different Qg. Both (g;,) and AP/L were found
to increase with the decrease in “n” from 0 to -0.54, thereby, the agreement between measured
and predicted (g;,) and AP/L was found to deteriorate. Therefore, we investigated the effect of

the value of “n”, and found that an increase in “n” from 0 to 0.45 led to a significant
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improvement in the agreement between the predictions and corresponding measurements was
found to improve significantly for both (g;) and AP/L at a Qg of 6 and 12 Nm?/h. Further it can
also be seen from the Supplementary Figure 5 [(a)-(c¢)] that on decreasing “n” from O to -
0.54, the effect of Qg on the lateral liquid spreading is found to be diminished, whereas on

€C_ 9

increasing “n” from 0 to 0.45, the model is found to be more sensitive towards the change in

Qa.
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Figure 5. Effect of exponent ‘n’ on (a) overall liquid holdup, (b) pressure drop, at a Qg of (i)
0 Nm®/h, (b) 6 Nm>/h, and (c) 12 Nm*/h (Qr = 0.054 m*/h, dp = 0.004 m)

In order to understand the effect of “n” on the bed scale hydrodynamics, we analysed the
order of magnitude of different forces (Fgy, y, Fgs,y, Fis,y)- Figure 6 shows the histograms of

For,y, ﬁGs, ys ﬁLS, y as well as the volume-weighted-average force (calculated with help of Eqn.

19) in the complete domain at steady state conditions.

(19)

?=1(ViXIFxx,i,yl))
Vtotal

Volume weighted average force (N/m?) = (
In Eqn. 19V, is the cell volume, |FXX,i,y| 1s the magnitude of y-component of the respective
force, Viorar 1S the total bed volume. With the decrease in “n” from 0 to -0.54 a significant

increase in the magnitude of Frg , was predicted (see Figure 6(a-i) - 6(a-iii)), whereas the

magnitude of Frg , was found to decrease with the increase in “n” from 0 to 0.45 at all values
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of Qg. Since the additional factor of (¢, /1 — &)™ was added only in the closure model of F)Ls,
the changes in Fg , (see Figure 6(b-i) - 6(b-iii)) and Fsg , (see Figure 6(c-i) - 6(c-iii)) with

(13 ’7

the change in “n”, were found to be marginal and relatively smaller. For n = 0.45 with the
increase in Qg from 0 to 12 Nm?/h the magnitude of Fis,y, Fgi,y and Fgg , was found to
increase significantly [see Figures 6(a), 6(b), and 6(c)]. Since only the Qg is changed, the
predicted increase in the Frs, y [see Figure 6(a-i) — 6(a-iii)] with the increase in Qg was
secondary and relatively smaller in comparison to that of the predicted increase in the Fgy

[see Figure 6(b-i) — 6(b-iii)] and Fg , [see Figure 6(c-i) — 6(c-iii)]. This also signifies that the

gas phase inertia plays an important role in the local liquid distribution at bed-scale.
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Figure 6. Effect of correction factor on the magnitude of y-components of different
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Figure 7 [(a)-(c)] shows the predicted steady state liquid volume fraction distribution at
Qg of 0, 6 and 12 Nm?/h, respectively, whereas figure 7 [(d) and (e)] shows the measured and
predicted steady state liquid fronts, respectively, at Qg of 0, 6 and 12 Nm?/h for n = 0.45. The
agreement between the measured and predicted steady-state liquid fronts is found to be
satisfactory (see Figure 7 [(a)-(c)]). The lateral liquid spreading was found to decrease with
the increase in Qg from 0 to 12 Nm?/h. This is due to a significant increase in the magnitude of
Fgr,y and Fgg , with the increase in Qg. Also, due to the increase in the gas-phase inertia, the
liquid inside the interstitial capillaries is pushed out with relatively higher force. This decreases
the saturation inside these capillaries and as a result the (€ ) was found to decrease. Hence, a

decrease in the lateral liquid spreading with the increase in Qg is observed in both the

measurements and simulations.
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Figure 7. Effect of gas flow rates on the steady-state liquid distribution at Qg of (a) 0, (b) 6,
and (c) 12 Nm*/h, and comparison of the (d) measured (Saxena et al., 2023), and (e) predicted
steady-state liquid fronts (QL = 0.054 m*/h, dp = 0.004 m, n = 0.45)
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4.3 Effect of liquid flow rate
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Figure 8. Effect of liquid flow rates on the steady-state liquid distribution at a Qr of (a)

0.024, (b) 0.054, and (c) 0.1 m*/h, and comparison of the (d) measured (Saxena et al., 2023),
and (e) predicted steady-state liquid fronts (Qg = 6 Nm*/h, dp = 0.004 m, n = 0.45)

Simulations at three different values of QL were performed by keeping the Qg and bed
characteristics constant. Figure 8 [(a) to (c¢)] shows the steady-state liquid volume fraction
distribution at QL of 0.024, 0.054 and 0.1 m>/h, respectively. Figure 8 [(d) and (e)] shows the
measured (Qr = 0.024 and 0.054 m>/h) and predicted (QL = 0.024, 0.054 and 0.1 m>/h) steady-
state liquid fronts, respectively. The agreement between the measured and predicted steady-
state liquid fronts is found to be satisfactory (see Figure 8 [(a) and (b)]). In both the
measurements and predictions, it was observed that the increase in Q. promotes the lateral
liquid spreading (e.g., see Figure 7 [(d) and (e)]). Further, the steady-state liquid volume
fraction distribution in Figure 7 [(a) to (c)] shows that the liquid accumulation in the center
increases with the increase in Qr. Therefore, the interstitial capillaries are relatively more

saturated at large values of QL, resulting in an increase in the contribution of gradient of lateral
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liquid hold-up to the capillary pressure force (F. ) as shown in Supplementary Figure 6. Due

to this, an increase in lateral liquid spreading is observed in the predictions.

Moreover, the predictions are also validated using the measurements (Saxena et al., 2023)
of AP/L and (g} at QL of 0.024 and 0.054 m?/h (see Figure 9). The agreement between the
predictions and the corresponding measurements is found to be satisfactory. Both AP/L and
(g1,) are found to increase with an increase in QL. However, the increase in AP/L was found to
be less significant than the increase in (g,). Since at large Qv, increased volume of liquid enters
the available pore space, interstitial capillaries are relatively more saturated, and this results in
an increase in (g). Thus, relatively higher force is required to push the liquid out from the

relatively more saturated capillaries and therefore an increase in AP/L is observed.
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Figure 9. Effect of liquid flow rates on the (a) overall liquid holdup, and (b) pressure drop.
(Qc = 6 Nm*/h, dp = 0.004 m, n = 0.45)

Further, to understand the effect of Qr, the volume weighted average (calculated using
Eqn. 19) of Fgyy, Fgsy, Frsy was calculated in the complete domain. Figure 10 shows the
change in the distribution and the magnitude of different forces in the complete domain with
varying Qc. Since only the Qv is changed, the distribution and magnitude of Fgy,, and Fgg y is

found to increase marginally with the increase in Q.. Whereas the increase in the magnitude of
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Fis, y with the increase in Qr from 0.024 to 0.1 m?/h was found to be nearly 2.5 times (e.g.,

see Figure 10 (¢)).
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Figure 10. Effect of the liquid flow rates on the magnitude of the y-components of (a) gas-

solid (Fgs, y), (b) gas-liquid (FaL,y), and (c) liquid-solid (Fis,y) interphase interaction forces

(Qc =6 Nm*/h, dp = 0.004 m, n = 0.45)
4.4 Effect of surface tension

As discussed in the Section 1, the effect of surface tension on the local liquid distribution

at bed-scale using Eulerian multi-fluid model is not investigated earlier. Since different fluids
(e.g., aqueous, organic etc.) are usually processed using TBRs, it is important to investigate the
effect of 6 on the local liquid distribution and on the key hydrodynamic parameters like AP/L
and (g). In view of this, bed-scale 3D transient simulations are performed for three different
values of 6 (i.e., 0.025, 0.052 and 0.072 N/m). In all these simulations, the bed characteristics,
fluid flow rates and fluid flow properties other than ¢ are kept constant. Figure 11 shows the
steady-state liquid volume fraction distribution and liquid fronts at the above-mentioned values
of 6 and the comparison between the predictions and corresponding measurements (Saxena et
al., 2023). The agreement between the measured and predicted liquid fronts was found to be

satisfactory. The increase in surface tension is found to marginally increase the lateral liquid

spreading.
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Figure 11. Effect of 6 on the steady-state liquid distribution at ¢ of (a) 0.025, (b) 0.052, and
(c) 0.072 N/m, and comparison of the steady-state (d) measured (Saxena et al., 2023), and
(e) predicted liquid fronts (QL = 0.054 m*/h, Qc = 6 Nm>/h, dp = 0.004 m, n = 0.45)

As seen from the capillary pressure model [see Eqs. (11)-(13)], 1_3)C is directly proportional
to the o and Ag;. Therefore, liquid spreading is primarily governed by the relative order of
magnitude of ¢ and Ag; . Figure 12 shows the change in the liquid volume fraction, Ag; and
the F. 4 at different axial locations at mid plane (i.e., z = 0.01 m). It is found that a decrease in
o leads to an increase in the volume fraction and Ag; in the central region. However,
irrespective of the increase in Ag;, with the decrease in 6 in the central region, the F is found
to decrease. Since the increase in Ag;, in the central region is not significant to counter the effect

of 6 on the F. , the lateral liquid spreading is found to marginally decrease with the decrease

In c.
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Furthermore, the predictions are also validated with the corresponding measurements of
the AP/L and () (see Figure 13). The agreement between the predictions and corresponding
measurements was found to be satisfactory. Both AP/L and (g ) are found to increase with the
increase in 6. It can be seen from Figure 13 (a) that irrespective of the high liquid accumulation

in central region at low o, (€;) is found to be less. This signifies that, at higher o, the liquid



disperses more uniformly in the bed, while at lower o liquid accumulates more in the central

region.
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4.5 Effect of liquid viscosity
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Figure 14. Effect of liquid viscosity on liquid volume fraction distribution, (a) p;, =0.001 Pa.s,
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A discussed in the Section 2, 3D transient bed-scale simulations for three different liquid
viscosities (u; = 0.001, 0.005 and 0.01 Pa.s) are performed for constant bed characteristics,
fluid flow rates, ¢ and all other parameters. Figure 14 [(a)-(c)] shows the steady-state liquid
volume fraction distribution and the comparison of the measured and predicted steady-state
liquid fronts for pu; of 0.001, 0.005 and 0.01 Pa.s, respectively. Figure 14 [(d) and (e)] shows
the effect of y; on the measured and predicted steady-state liquid fronts, respectively. The
agreement between the measured and predicted steady-state liquid fronts was found to be
satisfactory. Further, it can be seen from Figure 14 [(d) and (e)] that the extent of liquid
spreading is not found to be influenced by the change in y; in both the measurements as well
as in the simulations. Only a marginal change in the lateral liquid spreading near the bed inlet
is observed. Moreover, irrespective of a significant change in local g, which is evident from

the liquid volume fraction distribution, the liquid spreading was not found to increase.
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Figure 15 shows that the effect of liquid viscosities on the gradient of lateral liquid volume
fraction (Ag;) and the x-component of capillary pressure force (Fc, x) at two different locations
in the flow direction (Y = 0.1 and 0.9 m). Both Ag; and Fc, « is found to increase with the
increase in y;. However, irrespective of the increase in Ag; and Fc x with the increase in y;,

the lateral liquid spreading is not found to change significantly.

The predicted AP/L is also validated with the corresponding measurements (Saxena et al.,
2023) of the AP/L (see Figure 16). The agreement between the predictions and measurements
is found to be satisfactory. The AP/L is found to increase with the increase in y;. Due to
increase in Y, , the liquid accumulation in the bed increases and in turn the interstitial capillaries
are relatively more saturated at large p; . Therefore, relatively a higher force is required to flush
out the highly viscous liquid from these interstitial capillaries. This leads to a significant

increase in AP/L with increase in p;, whereas the change in the lateral liquid spreading is

negligible.
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Figure 16. Effect of y; on the measured and simulated pressure drop (AP/L)

As mentioned in the Section 2, that the closure models for the interphase interaction forces

contain the viscous and inertial components of respective forces. Figure 17 [(a)-(¢)] shows the
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distribution and the magnitude of the ratios of the y-components of the viscous (v) to inertial
(1) components of the interphase exchange forces (F)Gs, F)GL and ﬁLS)- Since only the y; is
varied, the changes in the predicted Fgsyv/Fgsy,i and Fgyyv/FgLy,i are not significant. Due
to the increase in y; (nearly 10 times), the contribution of Fygy , increases significantly and
leads to a significant increase in Figy,/Figy; with the increase in p;. However, the change in
lateral liquid spreading due to the change in Fygy is found to be negligible. Therefore, the
contribution of the viscous components of the interphase exchange forces to the lateral liquid

spreading is found to be negligible.
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Figure 17. Effect of the y; on the ratios of the y-components of the viscous to inertial force
components of (i) gas-solid, (i1) gas-liquid, and (ii1) liquid-solid interphase interaction forces
(Qr =0.054 m*/h, Qg = 6 Nm*/h, dp = 0.004 m, n = 0.45)

5 Summary and conclusions

In the present work, 3D transient Eulerian multi-fluid simulations were performed at
different gas (Qg = 0, 6 and 12 Nm?>/h) and liquid flow rates (QL = 0.024, 0.054 and 0.1 m>/h),
particle diameters (dp = 2, 4 and 8 mm), liquid viscosities (¢; = 0.001, 0.005 and 0.01 Pa-s),
and surface tensions (¢ = 0.025, 0.052 and 0.072 N/m). We found that the y-component of the
interphase coupling forces (Fgyy, Fgsy and Fig ) and the x-component of the mechanical and
capillary dispersion forces (Fp |, x and F¢ ) are dominating and their contribution to local liquid
spreading, AP/L and (g;,) was analysed. First, the contribution of Fp; , to the lateral liquid

spreading was investigated for dp of 2, 4 and 8 mm. We found the lateral liquid spreading to
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marginally increase near to the bed inlet with the decrease in dp. Further, a satisfactory
agreement between the measured and predicted liquid fronts without inclusion of _15])7L’X

suggests that the mechanical dispersion force has a marginal contribution to the local liquid

spreading at bed-scale.

Since the model was found to overpredict the AP/L and (g ), we used the modified closure

model for _ﬁLS proposed by Boyer et al. (2007). However, both the AP/L and (g;) were found
to be the strong function of factor “n” in the additional factor (g,/1 — €5)™ included by the
Boyer et al. (2007) in the closure model of fLs originally proposed by Attou et al. (1999).
However the value of “n =-0.54" proposed by Boyer at al. (2007) for aqueous did not correctly
predict the lateral liquid spreading, AP/L and (g ). Therefore, we analyzed the effect of “n” on
the relevant interphase coupling forces (Fgy,y, Fgs, and Fig,) and on the liquid spreading,
AP/L and (g;,). We found that the modified model (with “n = 0.45”) accurately predicted the

effect of Qg, Qr, 6 and y;, on the lateral liquid spreading, AP/L and (g;,) and the corresponding

predictions were in a satisfactory agreement with the measurements of Saxena et al. (2023).

The experimentally-validated CFD model was further used to investigate the effect of Qg,
Q1, o and y;, on the lateral liquid spreading, AP/L and (g;,). While the lateral liquid spreading
and (g ) were found to decrease with the increase in Qg, the AP/L was found to increase due
to a significant increase in Fg;, and Fgg, with the increase in Qg. Further, a significant
increase in Fy g, with the increase in QL led to increase the lateral liquid spreading, AP/L and
(e1). The increase in QL was also found to increase the liquid accumulation in the centre.
Moreover, irrespective of the increase in the gradient of lateral liquid volume fraction and F
in the central region with the increase in o, the lateral liquid spreading, AP/L and (&) were
found to decrease. While investigating the contribution of viscous force on the lateral liquid

spreading and AP/L, we found a negligible change in the lateral liquid spreading irrespective
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of the significant increase in AP/L and ¢;, with the increase in ;. Further a significant increase
in Fgsyv/Fasyi> FoLyv/FeLyi and Frsy/Frsy; with the increase in py, signifies that the
contribution of the viscous components of interphase coupling forces (Fgy, Fgsy and Figy)

to the lateral liquid spreading was negligible.

While the proposed model predicted the effect of Qg, Qr, o and y; on the lateral liquid
spreading, AP/L and (g) in a satisfactory agreement with the measurements, it needs to be
further verified for different types of fluids (i.e., aqueous, and organic). The understanding on
the contribution of different forces to the local liquid spreading at different operating conditions
will also help in extending the model to simulate the local liquid distribution for shaped

particles.
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Nomenclature

Symbols

st Gas-solid interphase interaction force, [N/m?]

l_fLS Liquid-solid interphase interaction force, [N/m?]

l_fGL Gas-liquid interphase interaction force, [N/m?]

fD,i Mechanical dispersion force exerted on phase i, [N/m?]
Ei, B2 Ergun’s constant (180 and 1.8, respectively), [-]
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Greek letters

&

€
(eL)
Pi
Hi

o

T

Subscripts

Pressure, [N/m?]

Pressure drop across bed, [N/m?]
Capillary pressure, [N/m?]
Capillary pressure force, [N/m?]
Gas flow rate, [Nm>/h]

Liquid flow rate, [m*/h]

Spread factor, [m]

Velocity vector of phase 1, [m/s]
Drift velocity vector of phase i, [m/s]
Particle diameter, [m]

Throat diameter, [m]

Length of the column, [m]
Correction factor, [-]

Bed volume, [m?]

Pore volume, [m?]

Volume fraction of phase 1, [-]
Bed void-fraction, [-]

Overall liquid-holdup, [-]
density of phase i, [kg/m?]
viscosity of phase 1, [kg/m/s]
Surface tension, [N/m]

Constant (3.14), [-]

liquid

gas

solid

lateral direction

axial direction
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z depth

v viscous component

1 Inertial component

Acronyms

TBR Trickle Bed Reactor

CFD Computational Fluid Dynamics
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