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Article Highlights  

• Trends in bed expansion (Hd/Hst) evolution with operating variables 

• A method for the prediction of bed expansion has been proposed 

• The proposed calculation has been tested with experimental data, confirming its 

reliability 

• The study determined the best correlations for predicting the expansion of the bed 

 
Abstract  

In this work, turbulent bed contractor (TBC) hydrodynamics have been 

studied in terms of bed expansion (Hd/Hst) using a particular approach to 

predict this important property for the design of such equipment. The study 

is based on 1604 sets of experimental data on the bed expansion, obtained 

by varying the operating variables (gas velocity, liquid spray, packing 

characteristics, static bed height, and free opening of the supporting grid). 

The prediction of the bed expansion necessitates the estimation of gas and 

liquid holdups. To achieve this, we employed a variety of correlations 

derived from existing literature, comprising six equations for gas holdup and 

twenty equations for liquid holdup estimation. Out of a total of 120 cases, 

bed expansion was estimated, and the accuracy of the model was evaluated 

by calculating the mean absolute error in percentage (MAPE), root mean 

square error (RMSE), correlation coefficient (ρXY), and explained variance 

(VECV). This study identified suitable correlations for gas and liquid holdups, 

leading to predictions with acceptable errors. Furthermore, statistical 

analysis was employed in a subsequent phase of the study to determine the 

most appropriate correlations for predicting bed expansion among those 

proposed by various authors. 

Keywords: three-phase fluidization, turbulent bed contactor, bed 
expansion, gas holdup, liquid holdup. 

 
 

The Turbulent Bed Contactor (TBC) is a three-

phase fluidized bed of low-density spherical particles. 

The solid is fluidized by an upwardly flowing gas 

(continuous phase) and irrigated by a downwardly 

flowing liquid. Non-flooding grids, positioned at a suffi- 
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cient distance to allow for bed expansion, support the 

bed. A turbulent and random motion of the packing 

enhances contact between the gas and liquid phases. 

This turbulent motion generates rapid interface renewal 

and a large interfacial area, increasing mass and heat 

transfer rates. The TBC presents several advantages 

over conventional contactors, including high capacity, 

high efficiency, and resistance to clogging. 

In physical processing, the TBC is used in air-

cooling humidification and dehumidification, particulate 

removal, and lactose granulation [1—3]. In chemical 

processing, it is employed in gas desulphurization, 

absorption, desorption, and distillation [4—7]. In 

biological processing, it is used for alcohol 

fermentation. Muroyama  and  Fan [8]  discussed  some 
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specific applications. In recent years, under the double 

constraint of the imperatives of environmental 

protection and pollution reduction and the rational use 

of energy, TBC has offered new opportunities, 

particularly in air pollution control [9]. 

Numerous published studies have focused on 

exploring the hydrodynamic parameters and 

performance of the Turbulent Bed Contactor (TBC), 

determining mass and heat transfer rates and 

associated parameters. Most of these studies have 

proposed empirical correlations for predicting the 

diverse hydrodynamic and mass and heat transfer 

parameters. In recent years, several authors have 

adopted the Computational Fluid Dynamics (CFD) 

approach for modeling the flow behavior in three-phase 

gas-liquid-solid systems, with specific emphasis on 

TBCs [10—12]. 

In 1972, O'Neill et al. [13] proposed a model for 

this three-phase fluidized bed based on the 

hydrodynamic behavior of a conventional packed 

column. They classified the TBC operation into two 

regimes: TBC Type 1 - Fluidization without "Incipient 

Flooding" and TBC Type 2 - Fluidization due to 

"Incipient Flooding." In Type I, fluidization started 

before flooding in the column, whereas in Type 2, 

fluidization started after flooding. All subsequent 

studies have referenced this model, which clarified 

several contradictions in previous findings and 

outcomes, constituting a significant contribution to 

comprehending the hydrodynamic behavior of the TBC 

process. 

The bed expansion, which determines the 

fluidized bed height, is one of the key design 

parameters for the fluidized bed of TBC. Knowledge of 

this factor would allow calculation of the expanded 

volume of the bed and provide a basis for determining 

liquid and gas holdups. The work of Muroyama and Fan 

[8] comprehensively summarizes the experimental data 

of different authors on bed expansion in the Turbulent 

Bed Contactor (TBC).  

According to many authors [14—18], the gas-

distributing grid strongly affects the bed expansion 

behavior, resembling a bubble column with a high gas 

holdup. For grids having a small open area, a liquid 

layer formed above the grid causes an axial variation of 

the liquid holdup. Levsh et al. [15], which investigated 

the effects of the geometry of the supporting grid on the 

pressure drop and bed expansion of TBC, suggested a 

correlation between the dynamic bed height and the 

height of the liquid layer.  

Chen and Douglas [19] showed that the bed 

height  increased linearly with gas velocity and liquid 

velocities for low-density particles. Tichy and Douglas 

[20] reported that the bed expansion (Hd/Hst) is 

independent of both the static bed height (Hst) and 

particle density (ρp) for low particle density and that a 

rapid increase in dynamic bed height (Hd) has been 

observed for gas velocities approaching the true 

flooding point. Balabekov et al. [21,22], Ushida et 

al. [23], and Handl [24] noted the existence of two 

regions of bed expansion, while Vunjak-Novakovic et 

al. [14] observed, based on their experimental data, 

three regions of the curves in the expansion of the bed 

with the gas velocity. 

The objective of this study, based on a large 

number of experimental data on the expansion of the 

bed in the turbulent bed contactor (Type II-TBC), is 

essentially oriented to the analysis of the evolution of 

the expansion with the operating variables, such as gas 

and liquid fluxes, static bed height, and opening of the 

supporting grid. The results of this analysis, as well as 

the experimental data, were used to develop a 

correlation allowing the prediction of the expansion of 

the bed in the turbulent bed contactor (Type II-TBC). 

 

 
MATERIAL AND METHODS 

Experimental procedure and apparatus 

The experimental setup shown in Fig. 1 and 

previously described [25] consists of three main parts 

(Fig. 1a), including the fluidization column and the liquid 

(water) and gas (air) supply systems. The column 

comprises a plexiglass cylinder of 0.12 m internal 

diameter and 1.60 m height (1). The column is 

equipped, in its lower part, with a packing support grid 

with a variable free opening (2) and at the inlet of the 

gas distributor (3), ensuring a uniform gas flow through 

the whole section of the column. The top of the column 

is equipped with a liquid distributor (4) to ensure a 

uniform flow of liquid through the entire column section, 

especially at low flow rates. The liquid supplied to the 

distributor (Fig. 1b) comes from a reservoir (5) fed by 

tap water using a centrifugal pump (6). The air supplied 

to the gas distributor comes from the system's 

compressor tank (7) via a pressure reducer (8). The bed 

of particles (9) consists of hollow polypropylene 

spheres and lies in a static state on a supporting grid. 

The liquid and gas fluxes were controlled by valves (14, 

15), and their flows were measured by rotameters (10 

and 11). A U-tube water manometer measured the 

pressure across the column (12). To reduce pressure 

fluctuations, a particular device (13) has been designed 

to separate liquid droplets entrained by the gas at 

parietal connections. 

Experimental conditions 

Three relative static bed heights ((Hst/DC) = 0.5;  
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Figure 1. Experimental setup. 

0.75 and 1.0)) were considered. For each static bed 

height, two different sets of packing were considered. 

For each packing (ρPI=868 kg m-3, dPI=0.01 m and 

ρPII=736 kg m-3, dPII=0.015 m), the opening of the lower 

grid (φ) was varied as (0.32; 0.56 and 0.82). Each 

support grid opening used five liquid fluxes (L=4.57; 

10.23; 15.84; 20.94, and 27.90 kg m-2 s-1). For each 

series thus defined (ρp, dp, Hst, and L), the gas flux (G) 

was varied from 0 to 10 kg m-2 s-1. Thus, for the 13 

experimental series considered, 1604 sets of 

experimental data were measured. The pressure drop 

and the dynamic bed height were measured 

simultaneously. The full operating conditions are 

summarized in Supplementary material (Appendix A, 

Table A1.). 

Methods 

The fundamental dynamic bed height (Hd) 

equation is easy to obtain. Since the total volume of the 

fluidized bed (Vt) is the sum of the volumes of the 

different phases (Vs, Vl, and Vg), we can write in terms 

of fractions for each phase: 

S l g 1  + + =     (1) 

We define, from the mass balance of the liquid phase 

and the solid phase, the solid and liquid holdup based 

on the static bed height (εsst
 and εlst

), as follows: 

st

d
l l

st

H

H
 =     (2) 

st

d
S S

st

H

H
 =     (3) 

where Hd and Hst are the dynamic and static bed 

heights. If we write that ε0 is the void fraction of the dry 

packing, we get: 

( )
stS 01 = −     (4) 

The mass balance for the same amount of solid 

particles in a static and dynamic state gives: 

( ) ( )( )st s d s l gH H01 1     − =  − +   (5) 

If we call (ε) the sum of liquid (εl) and gas holdup (εg): 

l g  = +     (6) 

and combining Eqs. 1, 5, and 6, we obtain for εs : 

( )st
s

d

H

H
01 1  = − = −    (7) 

that becomes: 

( )
( )

d

st

H

H

01

1





−
=

−
    (8) 

Rewriting Eq. 8, considering Eqs. 2 and 6 gives 

the fundamental relationship for  the ratio Hd/Hst, which 

represents the bed expansion from liquid (εlst
) and gas 

(εg) holdups: 

( )

( )
stld

st g

H

H

01

1

 



+ −
=

−
    (9) 

 
RESULTS AND DISCUSSION 

We have experimentally determined the 

expansion of the bed and the associated pressure drop. 

The effects of operating variables (gas and liquid fluxes 

(G and L), free supporting grid area (φ), static bed 

height (Hst), and packing characteristics (ρp, dp) on bed 

expansion were determined. The experimental results 

consisted of 65 curves of the evolution of bed 

expansion. For brevity, we present only a few examples 

of experimental data. 

Effect of gas and liquid velocities (ug, ul) 

Fig. 2 shows that the bed expansion (Hd/Hst) 

increases sharply with the increase of the gas and liquid 

velocities (ug and ul), as has been observed earlier   

[15—17,19,20,26—28]. 

Effect of grid opening (φ) on bed expansion 

Figure 3a clearly shows that a reduction in the 

opening of the lower supporting grid promoted the bed 

expansion and that this effect was enhanced by 

increasing the liquid velocity. It is illustrated in the inset 

figure in Fig. 3a, which represents the expansion's 

evolution for various support grid openings and liquid 

velocities of 0.00457, 0.01023, and 0.02094.m s-1. 
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Figure 2. Variation of the bed expansion (Hd/Hst) with gas velocity (ug) and liquid fluxes (L) for series II: (ρPI=868 kg m-3, dPI=0.010 m, 

φ=0.56, Hst=0.090 m). 

 
Figure 3. a) Effect of grid opening (φ) on bed expansion (Hd/Hst) for series I, II, and III (ρPI=868 kg m-3, dPI=0.010 m, Hst=0.090 m, 

L=10.23 kg m-2 s-1. b) Effect of static bed height on bed expansion (Hd/Hst) for series VIII, XI, and XIV (ρPII=736 kg m-3, dPII=0.015 m, 

φ=0.56, L=15.84 kg m-2 s-1). 

 

Effect of static bed height (Hst) 

The results presented in Figure 3b show that the 

static head (Hst) had no significant effect on bed 

expansion for the different liquid flows. 

Models’ development 

According to Vunjak-Novakovic et al. [14], three 

models for bed expansion in TBC have been proposed: 

Levsh et al. [15], Tichy and Douglas [29], and O’Neil et 

al. [30]. The first model of Levsh et al. [15] was 

considered incomplete [14] because it included the gas 

fraction in the bed for which no correlation was given. 

The second model of Tichy and Douglas [29] is based 

primarily on the analysis of experimental data [19,29], 

which shows a linear dependence between the bed 

expansion (Hd/Hst) and the gas flow rate, and the fact 

that the bed expands as a consequence of the pressure 

drop increase caused by the increase in the gas flow 

rate. There is, thus, a mutual relationship between the 

pressure drop and the expanded bed height. The 

shortcomings of this approach [14] are the use of an 

equivalent diameter of gas channels, somewhat 

fictitious for fluidized beds, and the use of correlations 

valid for fully fluidized beds at all gas velocities. 

According to their incipient flooding model [13] and 

using   the   Wallis   equation   for   flooding   in   packed  
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beds [31], O’Neil et al. [30] derived the third model 

based on Eq. 14 to predict bed expansion in TBC. 

However, as the expression (Eq. 14) was derived for 

incipient fluidization due to flooding, it could not be 

recommended for TBC type II. 

In our opinion, adding the model based on Eq. 9 

would also be necessary, which is considered the basic 

relationship to the definition of expansion. However, the 

implementation of this model requires reliable 

correlations for estimating gas and liquid holdups. 

The study of different correlations for estimating 

the expansion (Table 1) identifies readily another model 

based on a relationship between the minimum 

fluidization velocity and expansion: those of Uysal [32], 

Khanna [33], and Blyakher et al. [28]. Other 

expressions are mainly based on the attempt to 

correlate experimental data and based on the operative 

variables affecting the bed expansion. 

 

 

Table 1. Correlations for bed expansion (Hd/Hst) for TBC. 
Authors Correlations (S.I. Units) Eq. 

Levsh et al. [15] 

𝐻𝑑

𝐻𝑠𝑡

= 4.4 𝑢𝑙
0.43𝑢𝑔

2  𝑓𝑜𝑟 𝑢𝑙 < 0.0078  𝑚/𝑠,  𝑢𝑔 < 2.5 𝑚/𝑠 

𝐻𝑑

𝐻𝑠𝑡

= 2.2 𝑈𝑙
0.35𝑢𝑔

2  𝑓𝑜𝑟 𝑢𝑙 > 0.0078  𝑚/𝑠, 𝑢𝑔 > 2.5 𝑚/𝑠 

(10) 

Tichy & Douglas [20] 
𝐻𝑑

𝐻𝑠𝑡

= 0.8849 + 0.3166 𝐺 − 18.33 𝑑𝑃 + 0.5852 𝐿0.6𝑑𝑃
0.5 (11) 

Rama et al. [26] 
𝐻𝑑

𝐻𝑠𝑡

= 2.132 𝑑𝑃
0.12𝑢𝑙

0.31 + 1.02 𝑑𝑃
−1.7𝜌𝑃

−1.2𝑢𝑙
0.2𝑈𝑔 (12) 

Blyakher et al. [28] 
𝐻𝑑

𝐻𝑠𝑡

= 1.17 + (0.065 + 24.6 𝑢𝑙
0.75)(𝜌𝑔𝑢𝑔 − 𝜌𝑔𝑢𝑚𝑓) (13) 

O’Neil et al. [30] 

𝐻𝑑

𝐻𝑠𝑡

=
1 − 𝜀0

1 − 𝜀
, 𝜀 = [𝐾 (27 +

4𝐾

108
)

1 2⁄

+
𝐾

2
]

1 3⁄

− [𝐾 (27 +
4𝐾

108
)

1 2⁄

−
𝐾

2
]

1 3⁄

    

𝐾 = [𝑢𝑔
1 2⁄ + 𝑢𝑙

1 2⁄ (𝜌𝑙 𝜌𝑔⁄ )
1 4⁄

] [0.775(𝑔𝑑𝑃𝜌𝑙 6𝜌𝑔⁄ )
1 4⁄

]⁄  

(14) 

Uysal [32] 
𝐻𝑑

𝐻𝑠𝑡

= 1 +
0.147(𝜌𝑔𝑢𝑔 − 𝜌𝑔𝑢𝑚𝑓)

𝐻𝑠𝑡

,                  𝑢𝑚𝑓 =
10.86 𝑑𝑃

0.488100.01985 𝐿

𝜌𝑔

 (15) 

Khanna [33] 
𝐻𝑑

𝐻𝑠𝑡

= 1 + 0.414(𝜌𝑔𝑢𝑔 − 𝜌𝑔𝑢𝑚𝑓)(𝜌𝑔𝑢𝑚𝑓)
0.2

, 𝑢𝑚𝑓 =
526.47𝑑𝑃

1.5100.0117 𝐿

𝜌𝑔

 (16) 

Lyashuk [34] 
𝐻𝑑

𝐻𝑠𝑡

= 0.16𝑢𝑔
0.44𝐿0.27𝐻𝑠𝑡

−0.71𝜑−1.54 (17) 

Shackley [35] 
𝐻𝑑

𝐻𝑠𝑡

= 0.0833 (−14.9𝜑2 + 15.7𝜑 − 2.1)𝐻𝑠𝑡
−0.34𝐿0.26𝜌𝑃

−0.43𝑢𝑔

0.78
𝑑𝑃

−0.85 (18) 

Gimenes & Handley [36] 
𝐻𝑑

𝐻𝑠𝑡

=  1.862 𝑑𝑃
0.306 (1 −

𝜑

𝜓𝑣

)
1.37

𝐿0.108(103𝜌𝑃𝑣𝑃)−0.107𝑒𝑥𝑝(0.356 𝑢𝑔) (19) 

Aksel’rod & Yakovenko [37] 

𝐻𝑑

𝐻𝑠𝑡

= 0.933 𝑢𝑙
0.3𝐻𝑠𝑡

−0.4 (
𝑈𝑔

𝜑
)

0.93

𝑓𝑜𝑟 
𝑢𝑔

𝜑
≥ 6 𝑚/𝑠 

𝐻𝑑

𝐻𝑠𝑡

= 2.16 𝑢𝑙
0.3𝐻𝑠𝑡

−0.4 (
𝑢𝑔

𝜑
)

0.43

  𝑓𝑜𝑟 
𝑢𝑔

𝜑
< 6 𝑚/𝑠 

(20) 

Azhar-Ul Haq [38] 
𝐻𝑑

𝐻𝑠𝑡

= 1.704 𝑢𝑙
0.13𝑢𝑔

0.544 𝐻𝑠𝑡
−0.1055𝜌𝑝

−0.2426𝑑𝑝
−0.38 (21) 

 

Proposed model 

In this work, we proposed a model based on the 

basic theoretical equation of the fluidized bed 

expansion (Eq. 9) derived from the mass balance of the 

fixed and the fluidized bed. The model has an 

unquestionable theoretical consistency, and its 

application for predicting the fluidized bed expansion 

requires the estimation of the liquid and gas holdups 

(εl,st, εg). In the end, the prediction of the bed expansion 

depends only on the choice of the most appropriate 

correlations for the liquid and gas holdups. From the set 

of correlations for liquid and gas holdup in the literature, 

we had chosen those that gave the best predictions. 

These correlations are presented in Table 2. 

The adopted procedure estimates the fluidized 

bed expansion (Hd/Hst) using Eq. 9, which requires the 

calculation of liquid (εlst) and gas (εg) holdups. 

In this work which objective was to propose a 

prediction model of the fluidized bed expansion for the 

turbulent   bed   contactor,   and   to   achieve   this,   we 
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employed a variety of correlations derived from existing 

literature, comprising six equations for gas holdup  

(Eqs. 42—47) and 20 equations (Eqs. 22—41) for liquid 

holdup (Table 2). One hundred twenty pairs of 

correlations were obtained (Table 3) for liquid holdup 

(εl,st) and gas holdup (εg) that we used to estimate the 

expansion (Hd/Hst). 

 

Table 2. Correlations for liquid and gas holdup (εl,st and εg) for TBC. 

Authors Correlations for liquid holdup ( l,st) Eqs 

Vunjak-Novakovic et al. [14] 𝜀𝑙𝑠𝑡
= 7.326 𝑅𝑒𝑙

−0.0591𝐹𝑟𝑙
0.4354 (

𝐻𝑠𝑡

𝐷𝐶

)
−0.4328

(
𝜌𝑝

𝜌𝑙

)
0.0904

+ 0.02 (𝑇𝑦𝑝𝑒 𝐼𝐼) (22) 

Chen & Douglas [19] 𝜀𝑙𝑠𝑡
= 0.02 + 2.369 10−3𝑈𝐿

0.6
𝜌𝑙

0.6𝑑𝑃
−0.5

 (23) 

Balabekov et al. [21] 𝜀𝑙𝑠𝑡
= 𝑐 [(0.828

𝐿

𝑢𝑔

)
𝜌𝑔

𝜌𝑙

]

𝑘+1

(1 − 𝜀0)
𝜌𝑃

𝜌𝑙

  𝐹𝑜𝑟 𝑝𝑎𝑟𝑡𝑖𝑎𝑙 𝑓𝑙𝑢𝑖𝑑𝑖𝑧𝑎𝑡𝑖𝑜𝑛: 𝑐 = 0.05   𝑘 = 0.8 

𝐹𝑜𝑟 𝑑𝑒𝑣𝑒𝑙𝑜𝑝𝑒𝑑 𝑓𝑙𝑢𝑖𝑑𝑖𝑧𝑎𝑡𝑖𝑜𝑛: 𝑐 = (0.695 𝜑3⁄ )(0.005 𝑑𝑃⁄ )(𝜌𝑃 𝜌𝑙⁄ )−0.74(𝐿 102⁄ )2 , 𝑘 = (1.58 𝜑−0.16⁄ )(0.005 𝑑𝑃⁄ )−0.1 

(24) 

Ushida et al.[23] 𝜀𝑙𝑠𝑡
=

9.38 109

𝑔𝜌𝑙

 𝜇𝑙
2.3𝜑−0.42 (

𝑑0

𝐷𝐶

)
−0.84

𝜌𝑃
0.18𝐿 (25) 

Handl [24] 𝜀𝑙𝑠𝑡
= 26.8 𝜀0 𝑅𝑒𝑙

−0.189 𝐹𝑟𝑙
0.474 (26) 

Rama et al. [26] 𝜀𝑙𝑠𝑡
= 11 𝐺𝑎𝑙

0.09 𝐹𝑟𝑙
1.66 𝑅𝑒𝑙

−0.34 𝑊𝑒𝑙
−0.34 (

𝐻𝑠𝑡

𝑑𝑝

)

−0.4

(
𝜑𝑑

𝐷
)

−0.58

+ 0.086 (27) 

Lyashuk [34] 𝜀𝑙𝑠𝑡
= 0.001648 𝑈𝑔

0.16𝐿0.95𝐻𝑠𝑡
−1.09𝜑−2.02 (28) 

Shackley [35] 𝜀𝑙𝑠𝑡
= 3.5 10−4 𝑈𝑔

0.75𝐿0.7𝐻𝑠𝑡
−0.92𝜑−2.5 (29) 

Gimenes & Handley [36] 𝜀𝑙𝑠𝑡
= 9.75 103 𝐻𝑠𝑡

−0.357 (
𝑑𝑝

𝜓𝑣

)

−0.411

   𝐿0.616𝑒𝑥𝑝(0.237𝑢𝑔) (𝑂𝑏𝑙𝑎𝑡𝑒 𝑠𝑝ℎ𝑒𝑟𝑒𝑠) (30) 

Aksel,rod & Yakovenko [37] 𝜀𝑙𝑠𝑡
= 3.9 10−2𝐿 

𝜌𝑃

𝜌𝑙

 (31) 

Kito et al. [39] 𝜀𝑙𝑠𝑡
= 12.8 𝐺𝑎𝑙

0.090 𝐹𝑟𝑙
1.66 𝑅𝑒𝑙

−0.34 𝑊𝑒𝑙
−0.34 (

𝐻𝑠𝑡

𝑑𝑝

)

−0.4

(
𝜑𝑑

𝐷
)

−0.58

 32) 

Paterson & Clift [40] 𝜀𝑙𝑠𝑡
= 2.29 𝑈𝑔

−0.07𝑈𝐿
0.71𝐻𝑠𝑡

−0.52𝜑−0.874 (33) 

Petrov & Tassaev [41] 
𝜀𝑙𝑠𝑡

= 8.9 10−4𝑈𝑔
0.13𝐿0.4𝐻𝑠𝑡

−0.7𝑑𝑝
−0.6𝜑−0.5𝜌𝑝

0.02   for partial fluidization 

𝜀𝑙𝑠𝑡
= 1.9 10−4𝑈𝑔

1.3𝐿0.5𝑑𝑝
−0.6𝜑−0.6𝜌𝑝

0.02                for full fluidization 
(34) 

Soundarajan & Krishnaiah [42] 𝜀𝑙𝑠𝑡
= 7.7 𝐺𝑎𝑙

0.090 𝐹𝑟𝑙
1.66 𝑅𝑒𝑙

−0.34 𝑊𝑒𝑙
−0.34 (

𝐻𝑠𝑡

𝑑𝑝

)

−0.4

(
𝜑𝑑

𝐷
)

−0.58

𝑈𝑔
0.57 𝑇𝑦𝑝𝑒 𝐼𝐼 (35) 

Gel’perin et al. [43] 
𝜀𝑙𝑠𝑡

= 0.001369 𝑈𝐿
0.5𝜌𝑙

0.6𝑑𝑃
−0.5 (36) 

𝜀𝑙𝑠𝑡
= 4.36 10−3 𝐿0.5𝐻𝑠𝑡

−0.25𝑑𝑃
−0.6 (37) 

Gel’perin et al. [44] 𝜀𝑙𝑠𝑡
= 5.47 10−2 𝑢𝑔

0.24𝐿0.14𝐻𝑠𝑡
−0.08𝜌𝑙

−1𝜌𝑃
−0.1 (38) 

Bruce & Krishnaiah [45] 𝜀𝑙𝑠𝑡
= 1.36 𝐹𝑟𝑙

1.44 𝑅𝑒𝑙
−0.927 (

𝐻𝑠𝑡

𝑑𝑝

)

−0.593

(
𝜑𝑑

𝐷
)

−0.213

(𝑇𝑦𝑝𝑒 𝐼𝐼) (39) 

Barile & Meyer [46] 𝜀𝑙𝑠𝑡
= 1160 𝐹𝑟𝑙

0.78 𝑅𝑒𝑙
−0.51𝐻𝑠𝑡

−0.36𝑑𝑝
0.36 (40) 

Tarat et al. [47] 𝜀𝑙𝑠𝑡
= 8.38 10−2 𝐻𝑠𝑡

−1𝐿0.96𝑢𝑔
1.04𝜌𝑔

1.04 (41) 

Correlations for gas holdup ( g) 

Kito et al. [17] 𝜀𝑔 = 0.19 (
𝑑𝑝𝑈𝑔

2𝜌𝑙

𝜎
)

0.11

(
𝑈𝑔

√𝑔𝐷𝐶

)

0.20

 (42) 

Bensebia et al. [25] 𝜀𝑔 = 0.276 𝐹𝑟𝑔
0.325 (

𝐿

𝐺
)

−0.014

𝜑−0.137 (43) 

Kito et al. [39] 𝜀𝑔 = 0.417 𝑈𝑔
0.44 (44) 

Gel’perin et al. [43] 𝜀𝑔 = 0.93 (
𝑑𝑝𝑈𝑔

∗𝜌𝑔

𝜇𝑔

)

0.4

(
𝑑𝑝

3(𝜌𝑝 − 𝜌𝑔)𝜌𝑔

𝜇𝑔
2

)

−0.2

( 𝑈𝑔
∗ =

𝑈𝑔

1 − 𝜀𝑙𝑠𝑡
(𝐻𝑠𝑡 𝐻𝑑⁄ )

) (45) 

Soundarajan & Krishnaiah [48] 𝜀𝑔 = 0.322 𝐹𝑟𝑔
∗0.22

    (𝐹𝑟𝑔
∗ = (𝑈𝑔 𝜑⁄ ) √𝑔𝑑𝑝⁄ ) (46) 

Vunjak-Novakovic et al.[49] 
𝜀𝑔 =

𝑈𝑔

𝑈𝑔 𝑚𝑓

𝜀0 − 4.43 10−3 (
𝐻𝑠𝑡

𝐷𝐶

)
0.433

𝑑𝑃
−0.494𝐿0.812 (

𝜌𝑝

𝜌𝑙

)
0.090

− 0.02  (𝑝𝑎𝑟𝑡𝑖𝑎𝑙 𝑓𝑙𝑢𝑖𝑑𝑖𝑧𝑎𝑡𝑖𝑜𝑛 𝑡𝑦𝑝𝑒 𝐼𝐼) 

𝜀𝑔 = 0.628𝑈𝑔
0.237  (𝐹𝑢𝑙𝑙𝑦 𝑓𝑙𝑢𝑖𝑑𝑖𝑧𝑎𝑡𝑖𝑜𝑛 𝑡𝑦𝑝𝑒𝑠 𝐼𝐼) 

(47) 
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Table 3. Pairs (εl,st, εg) used for predicting bed expansion according to Eq. 9. 

Authors 

εg 

Kito et al.[17] 
Bensebia et al. 

[25] 
Kito et al. [39] 

Gel’Perin et al. 
[43] 

Soundarajan & 
Krishnaiah [48] 

Vunjak-
Novakovic et 

al. [49] 

εlst 

Vunjak-Novakovic et 
al.[14] 

Eqs. (22, 42) Eqs. (22, 43) Eqs. (22, 44) Eqs. (22, 45) Eq. (22, 46) Eq. (22, 47) 

Chen and Douglas [19] Eqs. (23, 42) Eqs. (23, 43) Eqs. (23, 44) Eqs. (23, 45) Eq. (23, 46) Eq. (23, 47) 

Balabekov et al. [21] Eqs. (24, 42) Eqs. (24, 43) Eqs. (24, 44) Eqs. (24, 45) Eq. (24, 46) Eq. (24, 47) 

Ushida et al. [23] Eqs. (25, 42) Eqs. (25, 43) Eqs. (25, 44) Eqs. (25, 45) Eq. (25, 46) Eq. (25, 47) 

Handl [24] Eqs. (26, 42) Eqs. (26, 43) Eqs. (26, 44) Eqs. (26, 45) Eq. (26, 46) Eq. (26, 47) 

Rama et al. [26] Eqs. (27, 42) Eqs. (27, 43) Eqs. (27, 44) Eqs. (27, 45) Eq. (27, 46) Eq. (27, 47) 

Lyashuk [34] Eqs. (28, 42) Eqs. (28, 43) Eqs. (28, 44) Eqs. (28, 45) Eq. (28, 46) Eq. (28, 47) 

Shackley [35] Eqs. (29, 42) Eqs. (29, 43) Eqs. (29, 44) Eqs. (29, 45) Eq. (29, 46) Eq. (29, 47) 

Gimenes & Handley 
[36] 

Eqs. (30, 42) Eqs. (30, 43) Eqs. (30, 44) Eqs. (30, 45) Eq. (30, 46) Eq. (30, 47) 

Aksel,rod & Yakovenko 
[37] 

Eqs. (31, 42) Eqs. (31, 43) Eqs. (31, 44) Eqs. (31, 45) Eq. (31, 46) Eq. (31, 47) 

Kito et al. [39] Eqs. (32, 42) Eqs. (32, 43) Eqs. (32, 44) Eqs. (32, 45) Eq. (32, 46) Eq. (32, 47) 

Paterson and Clift [40] Eqs. (33, 42) Eqs. (33, 43) Eqs. (33, 44) Eqs. (33, 45) Eq. (33, 46) Eq. (33, 47) 

Petrov & Tassaev [41] Eqs. (34, 42) Eqs. (34, 43) Eqs. (34, 44) Eqs. (34, 45) Eq. (34, 46) Eq. (34, 47) 

Soundarajan & 
Krishnaiah [42] 

Eqs. (35, 42) Eqs. (35, 43) Eqs. (35, 44) Eqs. (35, 45) Eq. (35, 46) Eq. (35, 47) 

Gel’perin et al. [43] Eqs. (36, 42) Eqs. (36, 43) Eqs. (36, 44) Eqs. (36, 45) Eq. (36, 46) Eq. (36, 47) 

Gel’perin et al. [43] Eqs. (37, 42) Eqs. (37, 43) Eqs. (37, 44) Eqs. (37, 45) Eq. (37, 46) Eq. (37, 47) 

Gel’perin et al. [44] Eqs. (38, 42) Eqs. (38, 43) Eqs. (38, 44) Eqs. (38, 45) Eq. (38, 46) Eq. (38, 47) 

Bruce and Krishnaiah 
[45] 

Eqs. (39, 42) Eqs. (39, 43) Eqs. (39, 44) Eqs. (39, 45) Eq. (39, 46) Eq. (39, 47) 

Barile and Meyer [46] Eqs. (40, 42) Eqs. (40, 43) Eqs. (40, 44) Eqs. 40,45) Eq. (40, 46) Eq. (40, 47) 

 Tarat et al. [47] Eqs. (41, 42) Eqs. (41, 43) Eqs. (41, 44) Eqs. (41, 45) Eq. (41, 46) Eq. (41, 47) 

 

Model evaluation 

In addition to having a consistent theoretical 

basis, the quality of a predictive model is closely linked 

to the results of evaluating the precision, accuracy, and 

reliability of the correlation deduced from this model. 

The evaluation of the discrepancies between the 

experimental data and the predictions, according to the 

proposed approach, was estimated using the mean 

absolute error in percentage (MAPE), the root mean 

square error (RMSE), the coefficient of correlation (ρXY) 

and explained variance (VECV). The statistical 

indicators used were defined as follows: 

( )
( )

( )
( )

( )

( )
( )

i i

i

n d st d st

i d st

H H H H
MAPE

n H H

exp pred

1 exp

/ /100
%

/=

−
=   (48) 
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 (51) 

where (
Hd

Hst
)

(exp)i

 and (
Hd

Hst
)

(pred)i

 are respectively, 

the ith experimental data and predicted values of bed 

expansion, among the n data, and (
Hd

Hst
)

(exp)

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅
 and 

(
Hd

Hst
)

(pred)

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅
are, respectively, the mean of the 

experimental data and predicted values. 

Two different ways have been used for bed 

expansion prediction: i) with the different correlations 

presented in Table 1, ii) using the model based on Eq.9 
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and the correlations of liquid and gas holdups 

presented in Table 2. 

Evaluation of the correlations of the different authors 

All the bed expansion correlations presented in 

Table 1 were tested with the experimental values 

obtained under the experimental conditions of the 

present work. In Fig. 4, where an example of a given 

experimental system is presented, it is easy to notice 

that Eqs. 10, 13, 15, 18, 20, and 21 overestimate the 

bed expansion compared to the experimental data, 

while Eqs. 14, 17, and 19 underestimate the expansion 

to different degrees. Remarkably, the best estimate is 

given by Eq. 11 of Tichy and Douglas [20], which is one 

of the simplest and among the first. 

 
Figure 4. Comparison of experimental bed expansion (Hd/Hst) 

data and predictions by different bed expansion correlations 

(Eqs. 10—21) for system II.3 (ρPI=868 kg m-3, dPI=0.010 m, 

Hst=0.090 m, φ=0.56, L=15.84 kg m-2 s-1). 

Fig. 4 compares experimental results obtained 

from a specific system (System II.3 with                                  

L = 15.84 kg m-2 s-1) with those of the 13 experimental 

systems investigated in the present study. To conduct 

a comprehensive analysis of the comparison results, 

encompassing all correlations (Eqs. 10—21) and the 

entirety of the experimental data (i.e., the 13 systems 

representing the various experimental conditions), the 

percent mean absolute error (MAPE), root mean 

square error (RMSE), correlation coefficient (ρXY), and 

variance explained (VECV) were determined. 

The results for the experimental data set (1604 

data) confirm that Eq. 11 of Tichy and Douglas [20] and 

Eq. 16 of Khanna [33] gave the best predictions for the 

expansion of the fluidized bed in TBC. 

Table B1 in Appendix B presents the prediction 

results for all the correlations studied. 

Evaluation of the predictions according to Eq. 9 and 
correlations for εl,st and εg 

The bed expansion prediction results (Hd/Hst) were 

obtained for all the systems using the evaluation 

criteria: MAPE, RMSE, ρXY, and VECV. For presentation, 

Table 4 shows only the results of systems with a MAPE 

error of less than 25%. Fig. 5a shows the experimental 

data of bed expansion for all experimental points 

(1604 points) with the proposed correlations (Eqs. 26 

and 43). 

The results in Table 4 show that among the 120 

pairs studied, 15 pairs (correlations for εl,st, εg) gave 

predictions with MAPE errors lower than 25%. 

Among the correlations for estimating gas holdup 

(εg), Eqs 42, 43, and 46 gave the best results for bed 

expansion (Hd/Hst). It  should  be  noted  that  these  Eqs  

 

Table 3. Statistical results of comparison of bed expansion (Hd/Hst) data and predictions based on Eq. 9 and correlations of εl,st 

(Eqs. 23, 26, 34, 36, and 37) and εg (Eqs. 42, 43, and 46). 

Eqs. for εg 
Statistical 
functions 

Eqs. for εl,st 

N° Eq. Authors 
Eq. 23 Eq. 26 Eq. 34 Eq. 36 Eq. 25 

Chen & Douglas [19] Handl [24] Petrov & Tassaev [41] Gel’perin et al. [43] Ushida et al. [23] 

Eq. 42 Kito et al. [17] 

MAPE (%) 20.26 15.33 24.75 22.68 33.04 

RMSE 0.70 0.55 0.72 0.75 0.73 

ρ(x,y) 0.97 0.83 0.97 0.98 0.95 

VEcv (%) 49.95 64.86 55.88 42.31 40.69 

Eq. 43 
Bensebia et al. 

[25] 

MAPE (%) 16.86 18.57 20.00 17.31 16.07 

RMSE 0.52 0.45 0.56 0.56 0.53 

ρ(x,y) 0.86 0.65 0.83 0.86 0.84 

VEcv (%) 55.76 67.42 49.03 49.09 54.81 

Eq. 46 
Soundarajan & 
Krishnaiah [48] 

MAPE (%) 15.66 16.46 17.05 16.47 15.79 

RMSE 0.52 0.41 0.53 0.57 0.55 

ρ(x,y) 0.71 0.40 0.75 0.72 0.67 

VEcv (%) 56.02 73.24 54.24 47.49 51.31 
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Figure 5. a) Comparison of experimental data of bed expansion (Hd/Hst) with predictions calculated by Eq. 9 with Eqs. 26 and 43 for all 

series (ρPI=868 k m-3, dPI=0.010 m, ρPII=736 kg m-3, dPII=0.015 m, Hst=0.06, 0.09, 0.12 m, φ=0.32, 0.56, 0.82). b) Comparison of 

experimental bed expansion (Hd/Hst) data with the predictions of Balabekov et al. [21], Tichy and Douglas [20], and Mbua Egbe [50]. 

 

 

Figure 6. a) Gas holdup (εg) predictions with different correlations (Eqs. 42—47) for (ρPII=736 kg m-3, dPII=0.015 m, Hst=0.12 m, 

φ=0.56, L=4.57 kg m-2 s-1). b) Liquid holdup predictions (εl,st) with different correlations for (ρPII=736 kg m-3, dPII=0.015 m, Hst=0.12 m, 

φ=0.56, L=4.57 kg m-2 s-1). 

 

equations gave substantially similar predictions of gas 

holdup (εg) with lower values than those given by the 

other equations (44, 45, and 47). This feature is well 

shown in Fig. 6a, which presents an example of the 

results of gas holdup predictions (εg) for a given 

experimental case. 

Eqs. 42, 43, and 46, which gave the best 

predictions for bed expansion, gave significantly lower 

values of gas holdup (εg) than those given by Eqs 44, 

45, and 47. Regarding the liquid holdup (εl,st), it was 

noticed that the correlations that give the lowest 

predictions for the liquid holdup (Eqs. 23, 25, 26, 34, 

and 36 ) gave the best estimates of the fluidized bed 

expansion. 

Fig. 6b, which illustrates the evolution of the liquid 

holdup with the superficial velocity, using the different 

correlations of Table 2, highlights this peculiar where it 

is illustrated that Eqs. 23, 25, 26, 34, and 36 gave the 

lowest predictions for the liquid holdup. 
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The complete results of the comparison of 

experimental data obtained from the 13 series of bed 

expansion with predictions made using Eq. 9 and 

correlations for liquid holdup (Eqs. 22—41) and gas 

holdup (Eqs. 43—47) have been presented in Table B.2 

within Appendix B. 

Comparison of predictions with experimental values 
from other authors 

The bed expansion prediction procedure 

developed in this work and based on Eq. 9 was tested 

using experimental data from different authors. The use 

of the correlations proposed in this work (Eqs. (26, 43), 

Eqs. (35, 43), Eqs. (36, 43)) to correlate the data of 

Tichy and Douglas [20], Balabekov et al. [21], and 

Mbua Egbe [50], gave satisfactory results as shown in 

Fig 5b. In Fig 5b, the comparison of the experimental 

and predicted values of Tichy and Douglas [20], 

Balabekov et al. [21], and Mbua Egbe [50], using the 

approach proposed in this work is presented. The 

experimental conditions used by the authors of the 

considered works are presented in Table C1, 

Appendix C. 

 
CONCLUSION 

 

The analysis of the experimental data showed 

that the bed expansion (Hd/Hst) increased with the gas 

velocity and the liquid flux. It was also observed that the 

bed expansion is favored by the decrease of the free 

surface of the support grid and that the static bed height 

did not affect the bed expansion. 

The second part of this work, analyzing the results 

of expansion prediction using correlations from different 

authors, allowed the selection of the most suitable 

expressions based on a systematic evaluation using 

appropriate statistical indicators. Among the 

correlations for the prediction of Hd/Hst, the equations of 

Tichy and Douglas [20] and Khanna [33] gave the best 

predictions. It should be noted that these correlations 

involve the gas and liquid fluxes and the particle 

diameter without including the static bed height. 

Analysis of the predictions using the model based 

on the basic theoretical fluidized bed expansion Eq. 9 

yielded the best predictions using Eqs. 42, 43, and 46 

for gas holdup estimation and Eqs. 23, 25, 26, 34, 

and 36 for liquid holdup estimation. Specifically, 

combinations of Eqs. 46 and 23 and Eqs. 42 and 26 

yielded the best-fluidized bed expansion prediction. 

 
NOMENCLATURE 
 
DC Column inside diameter, m 

dp Packing diameter, m 

g Acceleration due to the gravity, m s-² 

G Mass flow rate of gas per unit area, kg m-² s-1 

Hd Expanded bed height, m 

Hst Static bed height, m 

L Liquid mass flow rate per unit area, kg m-² s-1 

-ΔPc Total pressure drop across the entire column, Pa 

ug Superficial gas velocity, m s-1 

ugmf Minimum fluidization velocity, m s-1 

ul Liquid velocity, m s-1 

Vd Volume of the expanded bed, m3 

Vg Volume of the gas in the bed, m3 

Vl Volume of the liquid in the bed, m3 

Vp Volume of the packing in the bed, m3 

vp Volume of the individual particle of packing, m3 

ε0 Voidage of the static bed without gas-liquid flow, m3 m-3 

εg Gas holdup (Vg/ΩHd), m3 m-3 

εl Liquid holdup based on expanded bed height (Vl/Vd), m3 m-3 

εl,st Liquid holdup based on static bed height (Vl/Vd), m3 m-3 

εp Packing holdup based on expanded bed height(Vp/Vd),m3m-3 

εs,st Packing holdup based on static bed height (Vp/Vd), m3 m-3 

φ Free-open area of the supporting grid 

Ω Cross-sectional area of the column (πDC²/4), m² 

ρg Gas density, kg m-3 

ρl Liquid density, kg m-3 

ρp Packing density, kg m-3 

ψν Sphericity 
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NAUČNI RAD 

EKSPANZIJA SLOJA U TURBULENTNOM 
KONTAKTORU: EKSPERIMENTI I PREDVIĐANJE 

 
U ovom radu, hidrodinamika turbulentnog kontaktoru (TBC) je proučavana u smislu 

ekspanzije sloja (Hd/Hst) koristeći poseban pristup za predviđanje ovog važng svojstva 

za projektovanje takve opreme. Studija je zasnovana na 1604 eksperimentalnih 

podataka o ekspanziji sloja, dobijenih variranjem operativnih varijabli (brzina gasa, 

raspršivanje tečnosti, karakteristike pakovanja, statička visina sloja i slobodna površina 

noseće mreže. Predviđanje širenja sloja zahteva procenu zadržavanja gasa i tečnosti. 

Da bi se to postiglo, korišene su različite korelacije iz literature, i to šest jednačina za 

zadržavanje gasa i dvadeset jednačina za zadržavanje tečnosti. Od ukupno 120 

slučajeva, procenjeno je širenje sloja, a tačnost modela je procenjena izračunavanjem 

srednje apsolutne greške u procentima (MAPE), srednje kvadratne greške (RMSE), 

koeficijenta korelacije (rKSI) i objašnjene varijanse (VECV). Ovom studijom su 

identifikovane odgovarajuće korelacije za gas i tečnost. Štaviše, statistička analiza je 

korišćena u sledećoj fazi studije da bi se utvrdile najprikladnije korelacije za predviđanje 

ekspanzije sloja među onima koje su predložili različiti autori. 

Ključne reči: trofazna fluidizacija, turbulentni kontaktor sa fludizovanim slojem, 
ekspanzija sloja, zadržavanje gasa, zadržavanje tečnosti. 
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