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Introduction 

Gas-liquid trickle bed is a packed bed of solid particles with a downward flow of the liquid; the gas phase may flow either 

upward or downward. The counter current one although more effective for transport operations, but susceptible to flooding in 

contrast to the co-current down flow operation where high gas and liquid throughputs can be used [1].  

 

The co-current ones are of wide use in chemical processes mainly in the petrochemical, refinery and effluent treatment. 

Specifically, they are widely used for hydrotreating and hydrodesulfurization applications in the refining industry, and in the 

chemical industries for hydrogenation, oxidation and hydrodenitrogenation processes [2-7]. One of the important parameter 

that affects the performance of a trickle bed system is dynamic liquid saturation. This parameter is dependent on variables 

such as; gas and liquid flow rates, surface tension and viscosity of the liquid phase, and bed configuration.  

 

 

 

Abstract  

The objective of the present study is to experimentally investigate the dynamic liquid saturation in a co-current trickle bed with 

non-Newtonian and foaming liquids and quantify the effect of operating variables on it. Experiments were carried out in a 10-cm 

diameter column of height 128 cm, packed with glass beads of 4 mm with air and water, carboxyl methyl cellulose (CMC) solutions 

and sodium lauryl sulphate (SLS) solutions. Experimental results indicate the dynamic liquid saturation increase with increase in 

liquid velocity and viscosity of the liquid, decrease with increase in gas velocity and decrease in surface tension of the liquid. The 

increase in dynamic liquid saturation is 12% for 3.5% CMC solution over the tap water, whereas the same decreases by 20% for 60 

ppm SLS solution to that of the tap water one. Model equations are developed by factorial design analysis for predicting the 

dynamic liquid saturation of both non-Newtonian and foaming liquids. The experimental ones and the predicted results from model 

equations found to agree well. The correlation predicts the present data to within ± 15%. 
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Literature survey reveals that dynamic liquid saturation of Newtonian liquids in trickle bed are largely characterized in recent 

years but very few works have been reported with non-Newtonian liquids [8-14], although most of the liquids in petroleum   

process industries and other applications are non-Newtonian in nature [15].  

 

The feed stock that is used in these operations is highly viscous. In hydrotreating reactions, usually higher viscous residual 

oils are used [16], which is equivalent to viscosity of 3.3% CMC solution [17]. In previous works, experimental studies up to 

2% CMC solutions in water (a non-Newtonian liquid) are seen. As higher viscosity fluids are processed in trickle beds, it is 

necessary to characterize the hydrodynamics of trickle bed with liquid of higher viscosity. In the present study, an attempt 

was made to study the effect of liquid viscosity of a non-Newtonian liquid on dynamic liquid saturation.  

 

In petroleum industry, foaming plays an important role in petroleum recovery and productivity. Literature survey reveals that 

very few works have been reported with foaming liquids [18], although most of the liquids in petroleum process industries 

and other applications are foaming in nature. Thus, in view of meagre work on behavior of foaming liquids in trickle bed, it is 

also necessary to characterize the trickle bed system with foaming liquid and study the effect of liquid surface tension on 

dynamic liquid saturation.  

 

In the present study water, carboxyl methyl cellulose (CMC) solutions in water at different concentrations (0.5%, 1.5%, 2.5% 

and 3.5%) and sodium lauryl sulphate (SLS) solutions in water at different concentrations (15 ppm, 30 ppm, 45 ppm and 60 

ppm) are used as the liquid phase those have a varied viscosity and surface tension. Statistical design approach i.e., factorial 

design analysis is applied to develop model equations for predicting the dynamic liquid saturation of both non-Newtonian 

and foaming liquids. This method is advantageous as it provides the knowledge of interaction between the operating 

variables. 

 

Experimental Procedure 

A 10 cm diameter cylindrical Plexiglas column of height 128 cm, packed with glass beads of 4 mm size was used for the 

experimental study. Schematic representation of the experimental setup is shown in FIG. 1.  

 

The experimental trickle bed consists of three sections, viz., the test section, the gas-liquid distributor section, and the gas-

liquid disengagement section. The test section is the main component of the trickle bed. The gas-liquid distributor is located 

at the top of the test section which sends uniformly distributed liquid and gas mixture to the test section interfaced with a 

perforated plate consisting of 127 holes of 3 mm size. The gas-liquid disengagement section at the bottom of the column is a 

conical section of 0.31 m height, assembled to the test section. The packing material in the column is supported on a 

stainless-steel mesh.  

 

Firstly gas (air) was injected into the column at a desired flow rate using air rotameter and then the liquid was pumped to the 

column at a desired flow rate using water rotameter. Visual observation was made to identify the flow pattern of the fluids 

across the Plexiglas column. For each experimental run at a constant gas flow the liquid flow rate was increased gradually in 

steps. The liquid drainage method was used to measure the dynamic liquid saturation in the trickle bed used for the study.  
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To do so the valves in the inlet and outlet lines of the system were closed simultaneously. At least 30 minutes was given for 

the collection of the liquid drained from the column. Water, carboxyl methyl cellulose (CMC) solutions in water at different 

concentrations and Sodium Lauryl Sulphate (SLS) solutions in water at different concentrations were used as the liquid 

phase. The scope of the experiment is presented in TABLE 1. This table includes the physical properties of the packing 

materials and the fluids used in the system used and the range of variation of the operating variables. 

 

 

 

 

1-Pump, 2-Liquid storage tank, 3, 4-Liquid control valve, 5-Liquid rotameter, 6-Air compressor, 7- Air control valve, 8-Air 

Rotameter, 9- Liquid outlet valve, 10-Plexiglas column, 11-U tube manometer. 

 

 

FIG. 1. Schematic representation of the experimental setup. 
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TABLE 1. Scope of the present study. 

A. Property of Packing Material 

Material dp (mm) ρs (kg/m
3
) ε 

Glass beads  4 2500 0.319 

B. Properties of Fluid 

Phase ρ (kg/m
3
) μ (Pa.s)  (m N/m) 

Air  1.166 1.794 × 10
-5

 - 

Water  995.7 0.000798 72.3 

Non-Newtonian Liquid 

Phase ρ (kg/m
3
) K (Pa.s

n
) n  (m N/m) 

0.5% CMC 999.5 0.02 1.02 65.1 

1% CMC 1002.3 0.05 0.95 63.3 

1.5% CMC 1006.0 0.20 0.91 61.6 

2% CMC 1007.8 0.45 0.85 60.5 

2.5% CMC 1010.1 1.1 0.79 60.1 

3% CMC 1013.8 2.3 0.73 59.8 

3.5% CMC 1015.7 4.1 0.67 59.2 

Foaming Liquid 

Phase ρ (kg/m
3
) μ (Pa.s)  (m N/m) 

15 ppm SLS 999.1 0.00113 58.3 

30 ppm SLS 999.2 0.00113 51.8 

45 ppm SLS 999.4 0.00115 47.2 

60 ppm SLS 999.9 0.00119 44.1 

C. Operating Conditions 

Operating variables Range 

Superficial gas velocity 0.026-0.128 m/s 

Superficial liquid velocity 0.003-0.023 m/s 

 

Results and Discussion 

Experiments were conducted at different gas and liquid velocities in the range of 0.026-0.128 m/s and 0.003-0.023 m/s 

respectively. To ensure steady state in operation at least ten minutes of flow were allowed, and then the drainage initiated by 

stopping the in and out flow suddenly to record the dynamic liquid saturation of the system. The results obtained from the 

experiment are presented graphically. 

 

Effect of liquid and gas velocity 

FIG. 2 shows the variation of dynamic liquid saturation with superficial liquid velocity at various constant superficial gas 

velocities for air - 0.5% CMC solution and FIG. 3 shows the variation of dynamic liquid saturation with superficial gas 

velocity at various constant superficial liquid velocities for air - 15 ppm SLS solution. It can be noted that at higher 

superficial liquid velocity, the dynamic liquid saturation is more. This may be because of the fact that the void space in the 

trickle bed is occupied by both the liquid and the gas, at lower liquid velocities, more space is shared by the gas phase, and 

when the liquid velocity is increased, a higher portion of the void space the liquid occupies and leads to an increase the 

dynamic liquid saturation. In contrast as the superficial gas velocity is increased, the dynamic liquid saturation found to 

decrease. When the superficial liquid velocity is increased from 0.003 to 0.023 m/s the dynamic liquid saturation increased 

from 0.237 to 0.573 at superficial gas velocity 0.128 m/s for 0.5% CMC solution. But on increasing the superficial gas 
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velocity from 0.026 to 0.128 m/s dynamic liquid saturation decreased from 0.618 to 0.429 at superficial liquid velocity 0.023 

m/s for 15 ppm SLS solution. 
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FIG. 2. Variation of dynamic liquid saturation with superficial liquid velocity at different values of superficial gas 

velocities (air-0.5% CMC solution). 
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FIG. 3. Variation of dynamic liquid saturation with superficial gas velocity at different values of superficial liquid 

velocities (air-15 ppm SLS solution). 
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Effect of viscosity and surface tension 

FIG. 4 shows the effect of viscosity on dynamic liquid saturation. The figure indicates an increase in dynamic liquid 

saturation with increase in viscosity. As it is observed the liquid saturation variation is more in certain combination of the gas 

and liquid velocities and at both the lower and higher liquid velocities the variation is relatively less. At higher liquid 

viscosity, because of higher retention time of the liquid in the bed, higher is the dynamic liquid saturation. High retention 

flow is desirable as it leads to better contacting and mass transfer between the gas-liquid and liquid-solid phases. For 3.5% 

CMC solution at superficial liquid and gas velocities of 0.023 m/s and 0.026 m/s respectively, the dynamic liquid saturation 

is found to be 12% more than that obtained for tap water under same operating conditions. 

 

FIG. 5 shows the influence of surface tension on dynamic liquid saturation. It is observed that with increase in surfactant 

concentration the dynamic liquid saturation is found to decrease because of excessive foam formation in the column and gas 

occupying most of the void space in the bed. For 60 ppm SLS solution at superficial liquid and gas velocities of 0.023 m/s 

and 0.103 m/s respectively, the dynamic liquid saturation is found to be 20% less than that obtained for tap water under same 

operating conditions. 

 

 

 

FIG. 4. Effect of viscosity on dynamic liquid saturation at 0.026 m/s superficial gas velocity. 
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FIG. 5. Effect of surface tension on dynamic liquid saturation at 0.103 m/s superficial gas velocity. 

 

Development of correlation based on factorial design analysis 

Factorial design analysis is a suitable tool to show interaction among the variables and explicitly find out the effect of each of 

the variables quantitatively on the response. In this method, the experiments were repeated twice at two levels, lower level (-1 

level) and higher level (+1 level) for each of the operating variables. The scope of the factors considered for factorial 

experimentation is presented in TABLES 2 and 3. The variables, which affect the dynamic liquid saturation in trickle bed, are 

viscosity, surface tension, liquid and gas velocities. The total numbers of experiments required at two levels for the three 

variables is 8. A correlation based on the factorial design analysis was developed for the dynamic liquid saturation of the 

trickle bed. 

 

TABLE 2. Scope of the factors for dynamic liquid saturation for non-Newtonian liquid. 

 

S. no. Name of 

variable 

Variable 

(symbol) 

Factorial 

design 

symbol 

Min. level 

(-) 

Max. 

level 

(+) 

Magnitudes of 

variable 

1 Superficial gas 

velocity (m/s) 
gu  A 

0.0256 0.1282 

0.0256, 0.0512, 

0.0769, 0.1026, 

0.1282 

2 Superficial 

liquid velocity 

(m/s) 

lu  B 

0.0026 0.0231 

0.0026, 0.0077, 

0.0128, 0.0179, 

0.0231 

3 Viscosity (Pa.s) 
l  C 

0.0008 0.0262 

0.0008, 0.0068, 

0.0088, 0.0157, 

0.0262 
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TABLE 3. Scope of the factors for dynamic liquid saturation for foaming liquid. 

 

S. 

no. 

Name of 

variable 

Variable 

(symbol) 

Factorial 

design 

symbol 

Min. level 

(-) 

Max. level 

(+) 

Magnitudes of 

variable 

1 Superficial gas 

velocity(m/s) 
gu  A 

0.0256 0.1282 

0.0256, 0.0512, 

0.0769, 0.1026, 

0.1282 

2 Superficial 

liquid velocity 

(m/s) 

lu  B 

0.0026 0.0231 

0.0026, 0.0077, 

0.0128, 

0.0179,0.0231 

3 surface tension 

(N/m) 
l  C 

0.0712 0.0441 

0.0712, 0.0583, 

0.0518, 

0.0472,0.0441 

 

The model equations are assumed to be linear with respect to the level of each of the variable and the final equation takes the 

general form, 

 

0 1 2 3 12 13 123 1234( ......... ....... ........ )Y b b A b B b C b AB b AC b ABC b ABCD          
 

(1) 

 

In Eq. (1), the first term is a constant, the terms with only A, B, C, etc. show the main effect of different variables and the 

terms with AB, AC, . . . , ABC, ABD, . . . , and ABCD show the interacting effect of two variables, three variables, and four 

variables, respectively. 

 

(i) Coefficients are calculated by the Yates technique; 

i i
i

Y
b

N


            (2) 

where bi is the coefficient of various terms in Equation. (2), Yi is the response, ‘i’ is the level of the variable (either −1 or 

+1), and N is the total number of treatments. 

 

(ii) Calculations of the level of variables for dynamic liquid saturation for non-Newtonian liquid  

0.077
:  level of the superficial gas velocity

0.051

gu
A




    (3)

 

0.013
:  level of the superficial liquid velocity

0.01

lu
B




    (4)

 

0.013
:  level of the viscocity of liquid

0.013

lC
 


     (5) 
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(iii) Calculations of the level of variables for dynamic liquid saturation for foaming liquid 

0.077
:  level of the superficial gas velocity

0.051

gu
A




    (6)

 

0.013
:  level of the superficial liquid velocity

0.01

lu
B




    (7)

 

0.058
:  level of the surface tension of liquid

( 0.014)

lC
 




    (8) 

The calculation of the level of a variable was done by using the formula: level of variable = [value of the variable-the average 

of the values of variable at minimum level (-1) and maximum level (+1)]/(magnitude of the difference of average value to the 

value at minimum or maximum level). 

 

TABLE 4: The effects of parameters on dynamic liquid saturation as per factorial design analysis for non-Newtonian 

liquid. 

S. no. T.C. Exp. dynamic 

liquid 

saturation 

1 2 3 Effect 

(3)/4 

Sum of 

squares 

(3)
2 
/8 

P.C. 

1 1 0.313 0.478 1.680 3.639 0.910 1.656 85.910 

2 A 0.166 1.202 1.959 -0.618 -0.154 0.048 2.476 

3 B 0.674 0.716 -0.294 1.251 0.313 0.196 10.148 

4 AB 0.527 1.243 -0.324 -0.234 -0.058 0.007 0.354 

5 C 0.381 -0.147 0.723 0.279 0.070 0.010 0.504 

6 AC 0.335 -0.147 0.527 -0.030 -0.008 0.000 0.006 

7 BC 0.761 -0.045 0.000 -0.196 -0.049 0.005 0.249 

8 ABC 0.482 -0.279 -0.234 -0.234 -0.058 0.007 0.354 

 Total Sum of squares = 1.927  

 

TABLE 5. The effects of parameters on dynamic liquid saturation as per factorial design analysis for foaming liquid. 

 

S. no. T.C. Exp. 

dynamic 

liquid 

saturation 

1 2 3 Effect 

(3)/4 

Sum of 

squares 

(3)
2
/8 

P.C. 

1 1 0.313 0.478 1.680 2.829 0.707 1.001 79.763 

2 A 0.166 1.202 1.149 -0.501 -0.125 0.031 2.502 

3 B 0.674 0.339 -0.294 1.194 0.299 0.178 14.212 

4 AB 0.527 0.810 -0.207 -0.011 -0.003 0.000 0.001 

5 C 0.219 -0.147 0.723 -0.531 -0.133 0.035 2.812 

6 AC 0.121 -0.147 0.471 0.087 0.022 0.001 0.075 

7 BC 0.460 -0.098 0.000 -0.252 -0.063 0.008 0.635 

8 ABC 0.350 -0.109 -0.011 -0.011 -0.003 0.000 0.001 
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 Total Sum of squares = 1.255  

 

Experimental data for dynamic liquid saturation based on factorial design and the nature of the effects is presented in TABLE 

4 for non-Newtonian liquid and TABLE 5 for foaming liquid respectively. In these tables the column (4) data were derived 

from the response column (3) by summing and differencing successive pairs and the columns (5) and (6) have derived from 

the previous one in the same way. This was done to see the effect of the variation of the operating variable on the response. 

The effect of the operating variable on the response calculated from column (6) is presented in column (7). Column (8) 

presents the sum of squares of the deviations from the mean. Column (9) represents the percentage contribution of each 

treatment combination, that is, if the variation is made in the combination how much the response is affected. It was 

calculated from column (8) by dividing the total sum of squares and multiplying by 100. 

 

From the factorial design the following equations were obtained, 

 

For non-Newtonian liquid  

   0.455 0.077 0.156 0.035 0.029 0.029l A B C AB ABC        (9) 

 

For foaming liquid 

   0.354 0.063A 0.149B 0.066C 0.032BCl                      (10) 

 

In these equations, the coefficient indicates the magnitude of the effect of the variables and the sign of the coefficient gives 

the direction of the effect of the variable. A positive coefficient indicates an increase in the value of the response with 

increase in the value of the variable and for a negative coefficient the value of the response decreases with increase in the 

value of the variable.  

 

For easiness in calculation the model equations developed from factorial design analysis can be written in the predictive form 

by converting the coded variables to actual variables. Thus, the Equations (9) and (10) are converted to the equations in 

predictive form as Equations (11) and (12), given below. 

 

For non-Newtonian liquid  

   
1.53 3.31 55.74

334.47 4348.05

0.342 1.54 14.96g l l g l g l

l l g l l

U U U U Ul

U U U

 







    

 
 (11) 

For foaming liquid 

    0.152 1.23 1.27 1.92 230.26g l l l lU U Ul        (12) 
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FIG. 6: Comparison of experimental values of dynamic liquid saturation with those calculated from factorial design 

(non-Newtonian liquid). 

 

The calculated values of dynamic liquid saturation from Equations (9)/(11) and (10)/(12) were compared with experimental 

data. The comparison of data for dynamic liquid saturation for non-Newtonian liquid is presented in the FIG. 6 and foaming 

liquid is presented in the FIG. 7. It can be observed that the correlation predicts the present data to within ± 15% and the 

above models can be used to predict the dynamic liquid saturation in terms of coded factors within the experimental domain. 

The R
2 

(correlation coefficient) value for regression model is 0.94 for non-Newtonian liquid and 0.95 for foaming liquid, 

indicate that experimental results are well fitted by the factorial design analysis. 
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FIG. 7. Comparison of experimental values of dynamic liquid saturation with those calculated from factorial design 

(Foaming liquid). 
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Conclusion 

A systematic experimental investigation was carried out to study the effect of viscosity, surface tension, and liquid and gas 

velocities on dynamic liquid saturation in a trickle bed system. Results indicate that the dynamic liquid saturation increases 

with liquid velocity but decrease with gas velocity. With increase in viscosity of the liquid, the dynamic liquid saturation 

increases, for 3.5% aqueous solution of CMC at liquid and gas velocities of 0.023 m/s and 0.026 m/s, the dynamic liquid 

saturation is found to be 12% more than that obtained for tap water under same operating conditions. With increased foaming 

(with higher concentrations of SLS) the dynamic liquid saturation is found to decrease. Factorial design analysis on dynamic 

liquid saturation results model equations with a good correlation coefficient. The experimental values are found to agree well 

with the ones predicted by the model equations, thus the model equations developed can suitably be used for the prediction of 

dynamic liquid saturation for trickle bed systems with viscous liquids and the one with foaming character. 
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