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Abstract 
Heat transfer and bubble phenomena were investigated by adopting the drift flux model in a visc-
ous slurry bubble column reactor (SBCR), having a diameter of 0.0508 m (ID) and height 1.5 m. 
The effects of superficial gas velocity (0.002 - 0.164 m/s), solid concentration (0 - 20 wt%) and 
liquid viscosity (paraffin oil; 16.9 mPa∙s and squalane; 25.9 mPa∙s) on the gas holdup and heat 
transfer characteristics were examined. It was observed that the gas holdup increased with in-
creasing superficial gas velocity (UG), but decreased with increasing solid concentration (SC) or 
slurry viscosity. The degree of non-uniformity in a SBCR could be determined by the modified drift 
flux model at the heterogeneous flow regime. The local heat transfer coefficient (h) between the 
immersed heater and the bed decreased with increasing liquid viscosity and SC, but it increased 
with increasing UG. The modified Nusselt number including the gas holdup and local heat transfer 
coefficient was well correlated in terms of dimensionless groups such as Reynolds and Prandtl 
numbers. 
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1. Introduction 
Slurry bubble column reactors (SBCR) which have many advantages relative to other types of reactors can be 
widely used in industry for syngas conversion reactions such as Fischer-Tropsch synthesis and methanol synthe-
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sis, heavy oil upgrading, bio-conversion processes, and biological and dissolved air flotation (DAF) processes in 
sewage and wastewater treatments [1] [2]. The advantages of slurry bubble column reactor are including that it 
could be operated at nearly isothermal operation and flexibility to use small solid particles, which consequently 
results in good productivity, good interface contact, low pressure drop, and low construction and operation costs. 
Because of those inherent merits, some investigators have recently studied on the hydrodynamics and transport 
phenomena in SBCR aiming at commercial design or scale-up as well as for the separation between liquid pro- 
ducts and solid catalysts using the hydrocyclone or modified geometric devices [3]. 

For the SBCR design, the understanding on the mixing among gas, liquid and particles, individual phase hol-
dup and heat and mass transfer in the column are certainly essential. In addition, the flow behavior of gas phase 
is known to act a pivotal role in determining the heat transfer coefficient, since the gas bubbles, which exist as a 
dispersed phase, flow stochastically and randomly in the viscous slurry medium which is composed of solvent 
with particles [4]-[6]. Gas holdup is directly affected by gas velocity and particle concentration and is generally 
found to decrease with an increase of particle concentration in a SBCR [7]-[9]. With the addition of particles in 
bubble column, there will be an increase in the apparent viscosity of suspension [10] [11]. However, the charac-
teristics of the heat transfer in the column have been estimated mainly by local heat transfer coefficients. In gen-
eral, the local heat transfer coefficient has significant influence on bubbles which passed the surface of the probe. 
These bubbles could split with addition of particles in a column. 

In the present study, hydrodynamic characteristics of a slurry bubble column are analyzed by means of phase 
holdup under different conditions and by the drift flux model determining the rising velocity of single bubble. In 
addition, the heat transfer phenomena are examined with change in operation variables such as gas velocity, liq-
uid and solid concentration in the slurry phase. On the basis of the results obtained, a good correlation has been 
developed among the dimensionless groups which have relationships with gas holdup and heat transfer coeffi-
cient useful for design of practical SBCR. 

2. The Drift Flux Model 
The drift flux (jgm) is defined by Wallis [12] as the volumetric flux of gas relative to a surface moving at a veloc-
ity equal to the total of the superficial gas and liquid velocity. For the SBCR, the modified local drift flux is cal-
culated by  

( ) ( )1 1gm G G G GJ U Vsε ε ε= − = −                               (1) 

where, Jgm and Vs are the drift flux velocity and the local slip velocity, respectively. A plot of drift flux verses εG 
can be used to classify the flow regimes [13]. The change of slope clearly indicates the transition of flow regime. 
These flow regimes depend on the liquid circulation and current type, solid properties such as size and density, 
and reactor diameter, etc. 

In addition, the drift flux model modified by Zuber and Findlay [14] is widely recommended for modeling gas 
holdup in bubble columns [15] [16]. It accounts for the effects of radial non-uniformity of the superficial gas 
velocity and gas holdup, and the effect of interstitial gas velocity (UG/εG) between the two phases of gas and liq-
uid. Zuber and Findlay [14] derived that: 

( )G
G L gm

G

U
K U U V

ε
= + +                                    (2) 

K is called the distribution parameter and is a constant related to the degree of non-uniformity in the bubble 
column (for a uniform radial gas holdup profile, K = 1; for a center-peaked radial gas holdup profile, K > 1 [17]); 
and  

gm
gm

G

J
V

ε
=                                           (3) 

is called the weighted mean drift velocity and indicates the effect of the local relative velocity. Also, the bubble 
column is operated in batch mode; hence, the superficial liquid velocity is zero. 

3. Experiments 
Experiments were carried out in an acryl column of 0.0508 m in diameter and 1.5 m in height (Figure 1). Oil-  
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Figure 1. Experimental apparatus. 1: Main column; 2: Distributor; 3: 
Compressor; 4: Filter and regulator; 5: Valve; 6: Flowmeter; 7: Vent; 
8: Pressure transducer; 9: Thermocouple; 10: Cartridge heater; 11: 
Low-pass filter; 12: A/D Convertor; 13: Computer.                             

 
free compressed air was fed to the column through a pressure regulator, filter and a calibrated flow meter. It was 
admitted to the column through a perforated plate distributor. The distributor contained 30 holes with triangular 
pitches; the diameter of each hole was 0.5 mm. 

The dynamic pressure fluctuations for the measuring gas holdup was measured at the center of the bed 
through the pressure taps that were mounted flush with the wall of the column between 0.3 and 0.4 m from the 
distributor. Pressure fluctuations were measured and detected by sensitive differential pressure transducer (Va-
lidyne, Model P24D) attached to the pressure probes. The voltage-time signals, corresponding to the pressure- 
time signals, were sampled at a rate of 300/s and stored in the data acquisition system (Data Precision-Model, 
DT2805). The total acquisition time was 10 s having 3000 data points. The gas holdup is determined from 

( )

1

1

G SL

G
L S S L

P
gL

ε ε

ε
ρ ε ρ ρ

+ =

∆
= −

 + − 

                                 (4) 

where, the solid volume fraction within the bubble column, εS, is determined from the known slurry volume and 
the solid weight percent [18]. Experiments performed in the range of 0.002 - 0.164 m/s (superficial gas velocity) 
and 0 - 26 wt% (solid concentration), respectively. Paraffin oil (880 kg/m3, 16.9 mPa∙s) and squalane (800 kg/m3, 
25.9 mPa∙s) were used as liquid phase to make the slurry phase. Catapal B (boehmite) with an average diameter 
of 60 μm and a density of 2074 kg/m3 was used as solid particle to comprise the slurry phase.  

The local heat transfer coefficients were determined by Equation (4) from the knowledge of amount of heat 
supply and temperature difference between the heater surface (Ts) and the bed (Tb) [19] [20].  

( )s b

Qh
A T T

=
−

                                        (5) 

The heat supply (Q) was obtained from the DC power supplier, and it was verified by means of the energy 
balance in the column. 
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4. Results and Discussion 
In the SBCR, the gas holdup is one of the most important parameters used to describe its performance. The be-
havior of the gas holdup has been attributed to many different factors, including the physical properties of gas/ 
liquid/solid phase, column geometry, gas distributor design, and the operating variables such as pressure, gas 
velocity, temperature, and solid concentration. In particular, the gas velocities among these variables have large 
effect on the flow regimes; homogeneous, heterogeneous and slug flow and transition regime for air-water (gas- 
liquid bubble column) system [21]. Transition regime as a boundary layer of each flow can shift depending on 
the experimental setup and system used. Therefore, some investigators proposed that the operation of SBCR be 
carried out in the homogeneous flow regime of below 4 cm/s. 

Figure 2 illustrates the effect of superficial gas velocity on the gas holdup for squalane and paraffin oil in a 
SBCR. In this figure, the gas holdup has shown a positive effect of the superficial gas velocity. The dependence 
of the gas holdup on the superficial gas velocity can best be defined by the following power-law expression as  

n
G GUε =  [7]. Initially, the gas holdup seems to increase sharply and almost linearly with the superficial gas ve-

locity in the homogeneous flow regime [7] [22]. The increase in the gas holdup then reaches a maximum where 
the transition from homogeneous to heterogeneous flow regime occurs, and consequently a more non-linear in-
crease with the superficial gas velocity beyond that point can be observed, as shown in Figure 2.  

In the present investigation it was observed that the solid holdup in homogeneous flow regime decreased 
slowly with the superficial gas velocity in dilute slurry phase, but it decreased rapidly in slurry phase of high 
solid concentration. On the other hand, the solid holdup in heterogeneous flow regime has not much of an effect 
on the superficial gas velocity. Physical properties of the liquid can have a major effect on the gas holdup in a 
SBCR. In this work, we used squalane and paraffin as liquid phases. Viscosity of squalane is higher than that of 
paraffin oil. A comparison of the gas holdups of squalane and paraffin oil, reveals that the gas holdup decreases  

 

 
Figure 2. Effects of superficial gas velocity for the squalane and the 
paraffin oil on the gas holdup in a slurry bubble column reactor.          
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with increasing liquid viscosity since the high liquid viscosity promotes bubble coalescence [23]. Large gas 
bubbles which are formed by the coalescence of small bubbles have the faster rising velocity, and this result 
causes the decrease of the gas holdup as well as the transition from homogenous to churn turbulent flow regime. 

The effect of solid concentration (Sc) on the gas holdup is shown in Figure 3. The gas holdup decreases 
gradually or dose not change considerably, with increasing solid concentration in a SBCR. This behavior is re-
lated to the fact that the increase of solid concentration can lead to the increase of slurry viscosity which pro-
motes the formation of larger gas bubbles. Like this, an increase of bubble size increases the bubble rising ve-
locity and decreases the residence time of the bubble in a SBCR. Furthermore, if gas velocity is maintained at 
constant level, the gas momentum per unit mass of slurry would decrease with increasing solid concentration 
and thus, the total gas holdup is expected to decrease with increasing solid concentration [4]. In addition, the 
slurry viscosity with solid concentration tends to decrease gradually by the increase of liquid viscosity, since the 
interfacial tension of bubbles has increased and the boundary layer thickness of the bubbles has increased [6].  

However, some investigators have studied various methods to analyze the bubbling behavior in the bubble 
column. A fractal approach was proposed to describe the behavior of pressure fluctuations to distinguish be-
tween the homogeneous and heterogeneous regime [20] and the multi-resolution analysis was used to study the 
local structure and regime transition in a gas-liquid bubble column [24]. In addition, other workers adopted the 
Kolmogorov entropy or Correlation Dimensions to quantify the chaos dynamics in bubble columns [25] [26]. 
Recently, several investigators have used the drift flux model for predicting regime transition and for analyzing 
hydrodynamics in the column. Therefore, in this work, we used the modified drift model to analyze the bubbling 
behavior in the SBCR. A plot of volumetric flux of gas phase versus fractional gas holdup adopting the modified  

 

 
Figure 3. Effects of solid concentration for the squalane and the paraffin 
oil on the gas holdup in a slurry bubble column reactor.                 
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drift model is illustrated in Figure 4. The profiles are similar to the result on the curves of the drift flux reported 
by Thorat & Joshi in the bubble column [13]. Initially, homogeneous flow regime of the low gas holdup attains 
the heterogeneous flow regime through transition points with increasing gas holdup. Since the drift flux in hete-
rogeneous flow regime has increased rapidly with εG, the distinction between transition regime and heterogene-
ous flow regime can be determined easily. However, the transition points changed with solid concentration, thus 
the studies on the change of transition regime are necessary.  

Figure 5 adopted the drift flux model proposed by Zuber and Findlay [14] using the results on the flow re-
gimes classified in Figure 4. The change of interstitial gas velocity in homogeneous flow is shown in Figure 
5(a). Interstitial gas velocity with superficial gas velocity or with solid concentration has not followed any ten-
dency. At the relatively higher solid concentration, although the superficial gas velocity increases, interstitial gas 
velocity decreases because of the gas holdup than the amount of gas increased by the formation of the large 
bubble. On the other hand, the interstitial gas velocity in heterogeneous flow [Figure 5(b)] varied linearly with 
the superficial gas velocity. Moreover, the slope (K) indicative of the degree of non-uniformity is calculated as 
2.21 (Sc = 0), 2.30 (Sc = 4.8 wt%), 2.59 (Sc = 13 wt%) and 2.86 (Sc = 20 wt%), respectively. Like this, the non- 
uniformity of bubble holdup can be detected in the churn turbulent flow regime as heterogeneous flow. As can 
be seen in Figure 5, the results of this study fitted well to Equation (2), since the plots are essentially linear in 
each case. Note that the value of K increases with increasing solid concentration. This implies that the degree of 
non-uniformity of bubbling phenomena increases and bubble rising velocity increases, with solid concentration 
in heterogeneous flow.  

However, the correlation on the holdup for the modeling, design and scale-up of SBCR was required certainly. 
But, as can be seen Table 1, some investigators reported only in a slurry bubble column. In this work, the gas 
holdup was correlated well as a function of the operation variables, as represented by Equation (5). 

0.0082 0.8168 0.2734 0.17830.0575
1

G
G L L

G

Sc U
ε

µ ρ
ε

− −=
−

                           (6) 

where, the correlation coefficient of Equation (5) is 0.97. The Equation (5) cover the following range of va-
riables: 0 wt% ≤ Sc ≤ 25 wt%, 2.1 × 10−3 m/s ≤ UG ≤ 2.057 × 10−1 m/s, 1.69 × 10−4 kg/ms ≤ μL ≤ 2.59 × 10−4 
kg/ms and 800 kg/m3 ≤ μL ≤ 875 kg/m3, respectively.  

Figure 6 depicts a comparison between experimental and predicted holdup data along with those obtained 
from the literature references listed in Table 1, and as can be seen the agreement between the predicted and ex-
perimental values is within an absolute average relative error of 12%. 

 

 
Figure 4. The drift flux plot; volumetric flux of gas phase versus fractional 
gas holdup in the SBCR with squalane.                                  
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Figure 5. Effect of superficial gas velocity on the local relative velocity at the 
different flow regime in the SBCR with squalane.                           

 

 
Figure 6. Comparison between predicted and experimental gas holdup data. 
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Table 1. Correlation for gas holdup predictions in slurry bubble column reactors.                                           

Authors Gas/Liquid/ 
Solid Conditions Correlation 

Krishna  
and Sie [1] 

Air/Paraffin oil, 
Tellus oil/Silica 

Patm 
UG: up to 0.5 m/s 
CV: 0 - 36 vol.% 
DC: 0.1, 0.19, 0.38, 0.63 m 

( )-large -large1G G df Gε ε ε ε= + −  

-
-large

-large  
G G df

G
b

U U
U

ε
−

= , ( )( )( )-large 0.71b bU gd SF AF DF=  

1  for 0.125b CSF d D= < , ( )1.13exp  for 0.125 0.6b C b CSF d D d D= − < <  

( )0.50.496 for 0.6C b b CSF D d d D= >  

( )-G G dfAF U Uα β= + − , 1.29 GDF ρ= , ( )-G G dfdb U U
δ

γ= −  

for Tellus oil (ρL = 862, µL = 0.075, σL = 0.028)  
α = 2.25, β= 4.09, γ = 0.069, δ = 0.376  

- -smallG df b dfU U ε=  

0.48

,0
, ,0

0.71G
df df V

G ref df

Cρε ε
ρ ε

   
= −      

   
, 

εdf,0 = 0.27 for paraffin oil (ρL = 790, µL = 0.029, σL = 0.028) 

Koide  
et al. [8] 

N2/H2O,  
glycerol, glycol,  
barium chloride,  
sodium 
sulphate/Glass  
and bronze 

Patm 
UG: 0.03 - 0.15 m/s 
CS: 0 - 200 kg/m3 
DC: 0.1 - 0.3 m 
HC:2.3 - 3 m 

( )
( ) ( ) 0.2520.918 4 3

4 0.748 0.881 0.1681
1 4.35

G L L LG

G S C G LP L

P L L

A U g

C D U

µ σ µ ρ σε
ε ρρ ρ

ρ ρ µ

−

−=
−      −

+      
     

 

A = 0.227 H2O, Glycerol, Glycol 
A = 0.364 Aqueous solution of inorganic electrolytes 

Kara  
et al. [11] 

Air/H2O/Coal, 
dried mineral ash 

Patm 
UG: 0.03 - 0.3 m/s 
USL: 0 - 0.1 m/s 
CW: 0 - 40 wt.% 
DC × HC: N/A 

Re

Re Re

G
G

S
G G

S L

A B C D
ε

ε
ε ε

=
 

+ + +  + 

 

A, B, C and D depend on particle sizes 

Fan  
et al. [27] 

N2/Paratherm  
NF/alumina 

P: 1 - 56.2 bar 
UG up to 0.45m/s 
CV: 8.1, 19.1 vol.% 
T: 28˚C and 78˚C 
DC: 0.102 m 
HC: 1.37 m 

( ) ( )
( )

4

4.10.054

2.9
1 cosh

G G G SLG

G SL

U g

Mo

α βρ σ ρ ρε
ε

=
−   

 

( )( )4 2 3
SL SL G L SLMo g ρ ρ ζµ ρ σ= − , 0.0079 0.0110.21 and 0.096SL SLMo Mα β −= =  

( ){ }0.58 0.22Ln 4.6 5.7 sinh 0.71exp 5.8 ln 1V V VC C C Moζ = − − +    

Reilly et al. 
[28] 

Air/H2O,  
Solvent, TCE/ 
Glass beads 

Patm 
UG: 0.02 - 0.2 m/s 
CV: up to 10 vol.% 
HC × DC: 5 × 0.3 m 

0.44 0.98 0.16 0.19296 0.009G G L L GUε ρ σ ρ− −= +

 

Sauer and 
Hempel 
[29] 

Air/H2O/10 diff. 
Solids  
(1020 < ρP <  
2780 kg/m3) 

Patm 
UG: 0.01 - 0.08 m/s 
CV: 0 - 20 vol.% 

( )

0.844 0.136 0.0392

0.25
, 0

0.0277
1

G G sl s

G eff rad SG sl

U v C
v CU gv

ε
ε

−
     

=        −      
where CS0 is solid concentratrion at bottom of column, kg/m3 

( )21 2.5 10.05 0.00273exp 16.6sl L V V V slv C C Cµ ρ= + + +    
1 83

0 011 G
eff,rad C C

L

Uv . D gD
gv

 
=  

 
 

Schumpe  
et al. 
[30] 

N2, O2/H2O,  
0.8 M 
Na2SO4/Carbon, 
Kiselguhr,  
Aluminum  
oxide 

Patm 
UG: up to 0.07 m/s 
CS: up to 300 kg/m3 
DC: 0.095 m 
HC: 0.85 m 

0.87 0.18
G G effFUε µ−=  

F = 0.81 (H2O/salt solution) 
F = 0.43 (H2O, 0.8M Na2SO4) 

( )2800eff Gk Uµ =  
Where k is the fluid consistency index (Pa sn) k = 1.97, n = 0.951 and 
B = 0.81 or 0.43 
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The heat transfer phenomenon is very important scale-up factor to design the practical SBCR plant. In this 
work, the local heat transfer coefficient (h) was determined by means of Equation (4) from the knowledge of the 
mean value of differential temperature between the immersed heat transfer tube and the bed. The effect of su-
perficial gas velocity (UG) on the local heat transfer coefficient can be seen in Figure 7. In this figure, the h val-
ue increases linearly with increasing UG in all cases of low UG. This can be attributed to the increase of turbu-
lence in the SBCR due to the increase of gas holdup and gas momentum flow rate with increasing UG [5] [31]. 
As a result, the increase of turbulent intensity makes the boundary layer thickness at the surface of heat transfer 
tube to be thin, giving the high h values [26]. But, the h value in heterogeneous flow up to 10 cm/s can be shown 
to be insignificant. This is because the positive effect by the increase of turbulent intensity cancels out the nega-
tive effect by the increase of bubble size with increasing UG. In the case of paraffin oil, the h value obtained is 
generally higher than that of squalane since the large bubbles formed by bubble coalescence in liquid phase of 
high viscosity. 

Effects of the solid concentration on the local heat transfer coefficient can be seen in Figure 8. In this figure, 
the h value decreases slowly with increasing solid concentration. This can be attributed to an increase in appar-
ent slurry viscosity and corresponding increase in average boundary layer thickness at the tube surface for heat  

 

 
Figure 7. Effects of superficial gas velocity on the local heat transfer coeffi-
cient (h) in a slurry bubble column reactor.                              

 

 
Figure 8. Effects of solid concentration on the local heat transfer coefficient (h) in 
a slurry bubble column reactor.                                            
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transfer, with increasing slurry concentration [6]. In other words, the residence time of bubbles in the column 
decreases owing to the increase of rising velocity of bubbles. This reduces the bubble holdup considerably in the 
column. Moreover, the size distribution of bubbles becomes wider with the increasing bubble size, which can 
lead to the generation of the more irregular bubbling phenomena [26]. 

In general, the heat transfer coefficient by several investigators in three-phase fluidized beds has been corre-
lated in terms of the experimental variables such as gas and liquid velocities, particle size and liquid viscosity. 
Also, semi-theoretical correlations have been proposed based on the energy dissipation rate to predict h in three- 
phase fluidized beds [32]. However, for the design and scale-up of multi-phase flow reactors such as three-phase 
fluidized bed, inverse fluidized bed or SBCR, it is desirable to predict h from the dimensionless correlations. 
Thus, in this paper, we proposed the modified correlations by dimensionless groups such as Nusselt number, 
Reynolds number and Prandtl number as Equation (6).  

( )
( )

Nu Re,Pr,

1
Nu ,   Re ,   Prp SL p L G PL L

L SL L SL L

f

hd d U C
k k

ε ρ µ
ε µ ε

=

−
= = =



                          (7) 

Local heat transfer coefficients between the immersed heater and the bed in the given experimental conditions 
have been well correlated in terms of dimensionless groups. The following correlations are obtained for the ho-
mogeneous and in the heterogeneous flow, respectively as shown in Equations (7) & (8). 

( ) 1.024 2.487
31

1.86 10p SL p L G PL L

L SL L SL L

hd d U CNu
k k

ε ρ µ
ε µ ε

−−    
= = ×    

  
                       (8) 

( ) 0.522 2.260
31

3.12 10p SL p L G PL L

L SL L SL L

hd d U CNu
k k

ε ρ µ
ε µ ε

−−    
= = ×    

  
                      (9) 

where, εSL is the slurry phase holdup and the Equations (7) & (8) have fitted well with the experimentally ob-
tained heat transfer coefficient with a correlation coefficient of 0.92 and 0.96, respectively. In addition, we 
compared with the results of references on the heat transfer coefficient. The heat transfer coefficient and the op-
eration conditions correlated in terms of operating variable can be written dimensionless, 

( ) 1 42S t ReFr PrC
−

=                                        (10) 

Figure 9 represents the Stanton number (h/CpρUG) plotted against the dimensionless group (ReFrPr2)‒1/4 for 
various slurry systems which is described in more detailed in Table 2. As expected, Equation (9) fits just as well 
as it dose reference’s data [20] [25] [32] [33] and our data, producing a figure of C = 0.1 for heat transfer. 

 

 
Figure 9. Correlation of heat transfer coefficient measured in slurry phase 
based on Equation (9) (material systems and symbols given in Table 2).       
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Table 2. Slurry systems used to check the validity of Equation (9), see Figure 9.                                     

Author Solid Phase Solid Content (wt%) Temperature (˚C) Viscosity (mPa∙s) Symbol in Figure 9 

Deckwer et al. [21] Paraffin-Al2O3 5.5 - 16.0 220 4.3 - 4.8 □ 

  5.5 - 16.0 260 2.1 - 2.3 ○ 

Kang et al. [26] CMC Sol’n-silica gel 0 - 20 25 0.96 - 38 △ 

Müller [33] Water-kieselguhr 18.0 20 - 26 99 ▽ 
Deckwer [34] Water-sand     

 40 μm 20.0 25 1.4 ◇ 
This work Catapal A 0 - 25 25 16.9, 25.9 ● 

5. Conclusion 
From the results of this investigation on the gas holdup and the heat transfer in a slurry bubble column reactor, 
we can obtain the following conclusions. The gas holdup in a slurry bubble column reactor increases with in-
creasing UG, but it decreases with increasing SC or slurry viscosity because of the formation of large bubbles and 
the faster rising velocity of bubble, apart from transition from homogenous to churn turbulent flow regime. More- 
over, the flow regimes can be distinguished by a modified drift flux model which takes into consideration the 
relationship between gas holdup and superficial gas velocity. The non-uniformity of bubble holdup can be esti-
mated by a distribution parameter (K) in the heterogeneous flow regime. The local heat transfer coefficient be-
tween the immersed heater and the bed increases with increasing UG. On the contrary, it decreases with SC or 
viscosity of slurry phase because the boundary layer thickness at the surface of heat transfer tube becomes thick. 
Finally, under the experimental conditions studied, good correlations are obtained to predict the local heat trans-
fer coefficient between the immersed heater and bed in terms of dimensionless groups for different flow re-
gimes. 
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Nomenclature 

A: heater outside area (m2) 
CPL: heat capacity of liquid (J/kg K) 
dP: mean particle size (m) 
h: individual heat transfer coefficient (W/m2 K) 
Jgm: drift flux velocity (m/s) 
K: degree of non-uniformity in the radial direction  
kL: thermal conductivity of liquid (W/m K) 
SC: solid concentration (wt%) 
Tb: bed temperature (K) 
TS: heater surface temperature (K) 
UL: superficial liquid velocity (m/s) 
UG: superficial gas velocity (m/s) 

gmV : weighted mean drift velocity (m/s) 
Vs: local slip velocity (m/s) 

Greek Letters 
ρL : liquid density (kg/m3) 
µL : liquid viscosity (Pa.s) 
εG: gas holdup 
εL: liquid holdup 
εS: solid holdup 
εSL: slurry phase holdup 
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