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MODELING OF PROCESSES OF GAS COOLING BY CONTACT WITH A LIQUID  
AND UPDATING OF COLUMN APPARATUSES 

T. M. Farakhov  and  A. G. Laptev  UDC 66.074.83+66.023.2:658.589 

The process of gas cooling with a liquid in a countercurrent packed column (scrubber), where the phases 
are in direct contact, is described.  The system of differential equations for heat transfer in gas and liquid 
phases and moisture mass transfer is given.  Equations for determining the fields of gas enthalpy distri-
bution, liquid temperature, moisture content in the gas along the packed bed height are derived through 
transition to a cellular model.  The adequacy of the proposed equations is validated in practice.   
The packed column is updated, which involved replacement of plates by packings produced by OOO 
IVTs Inzhekhim (EPC Chemical Engineering LLC), which enhanced the efficiency of pyrogas cooling 
with water in ethylene production. 

Keywords: gas cooling, heat and mass transfer, packed columns, packed scrubbers, mathematical mod-
eling, apparatus updating. 

In fuel and power engineering undertakings, spraying, vortex, and plate apparatuses as well as Venturi 
scrubbers and packed scrubbers are used to clean and cool gases.  For enhancing efficiency of gas cooling pro-
cesses, it is essential to improve the methods of calculation of these processes, to develop new designs of appa-
ratuses, and to update the conventional designs [1–3].  Mathematical modeling of processes of wet cooling of 
flue and technological gases is particularly important. 

The process of gas cooling by liquids with direct contact of the phases is characterized by mass and energy 
transfer through the interface.  In this process, the gas stream is a continuous phase that contains a substantial 
quantity of disperse inclusions, such as droplets, sprays, and films of the liquid.  It is impossible to describe heat 
and mass transfer precisely at the level of individual disperse inclusions because of large number of these inclu-
sions and unknown area of distribution of contact of the phases in space. 

For practical calculations, however, only some average values are of interest.  For modeling two-phase 
streams, an approach based on macroscopic balancing and averaging of local single-phase conservation equa-
tions and conditions of contact at the phase interface with use of the source terms of interphase transfer is used.  
Here, source terms are expressed in terms of macroscopic determinate variables [4]. 

For calculating the fields and efficiency of heat and mass transfer in industrial apparatuses, the most widely 
used are various models of flow pattern [5, 6].  In such models, average phase velocities are used and nonuni-
formity of distribution of field variables is taken account of by introducing coefficients of longitudinal (reverse) 
and transverse mixing.  In such a formulation, the salient task of modeling of two-phase flows boils down to ex-
perimental determination of mixing factors and parameters of source terms of interphase transfer. 

In this study, this approach was used for modeling combined heat and mass transfer during cooling of gases 
with water in packed scrubbers. 
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Diffusion Model 

Let us consider the process of gas cooling with a liquid in a countercurrent packed column (scrubber) in 
film-flow operation mode. 

Let us write the equations of monoparametric diffusion models of heat and mass transfer with interphase 
sources of heat and mass: 

 ρlclWl
dTl
dz

= ρlclDm.l
d2Tl

dz2
− Q(z)
Vb(z)

; (1)  

 ρgWg
dIg
dz

= ρgcgDm.g
d2Tg
dz2

+ Q(z)
Vb(z)

; (2)  

 Wg
dx
dz

= Dm.g
d2x
dz2

± (βgav )(xif − x*) ,  (3) 

where (1), (2), and (3) are equations of heat transfer in liquid phase, heat transfer in vapor-gas phase, and mois-
ture mass transfer in gas phase, respectively;  ρl   and  ρg   are liquid and gas densities, kg/m3 ;  cl  and  cg   are 
heat capacities of liquid and gas phases, J/(kg⋅K);  Wl   and  Wg   are average liquid and gas velocities over entire 
cross-sectional area of column, m/sec;  Tl   and  Tg   are liquid and gas temperatures, °C;  z   is vertical coordi-
nate;  Dm.l and Dm.g  are coefficients of reverse mixing of liquid and gas phases, m2 /sec;  Q(z)   heat is flux, W;  

Vb   is volume of packed bed, m3;  Ig   is enthalpy of gas, J/kg;  x   is moisture concentration in gas phase, kg/kg;  
(βgav )  is volume coefficient of mass transfer of moisture in gas phase, sec−1;  βg   is average mass transfer coef-
ficient, m/sec;  av   is specific phase contact surface, m2 /m3;  xif   is moisture concentration at phase interface;  
x*   is equilibrium moisture concentration. 

The expressions for heat and mass sources in equations (1)–(3) are written proceeding from the fact that the 
main resistance to heat and mass transfer is concentrated in the gas phase. 

In comparison with condensation of clean vapor, the process of heat transfer from a vapor-gas mixture is 
characterized by diffusional resistance of vapor-gas interlayer formed near the phase interface [7, 8].  The heat 
flux transferred from the vapor-gas mixture to the phase interface consists of the heat transferred by convection 
and the heat transferred by the condensing vapor.  Then, 

 Q(z) = F(z) αg(Tg − Tl ) + Iv. iρgβg(xif − x*)⎡⎣ ⎤⎦ , (4)  

where  F(z)   is phase contact area, m2 ;  αg   is heat transfer coefficient, W/(m2 ⋅K) ;  Iv   is enthalpy of water 
vapor at water temperature  Tl ,  J/kg. 

Let us solve equations (1)–(3) for the following boundary conditions: 

 − at  z = H   (entry of liquid and exit of gas) 

 Tl. i = Tl +
1

Pel

dTl
dz

,
dTg

dz
= 0 ,      dx

dz
= 0 , 
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 − at  z = 0  (entry of gas and exit of liquid) 

 Tg. i = Tg −
1

Peg

dTg

dz
, dTl

dz
= 0 , 

 xi = x − 1
Peg

dxg
dz

 

(Danckwerts condition), where  Tl. i ,  Tg. i ,  xi   are initial liquid temperature, gas temperature, and moisture con-
centration, respectively;  Pel   and  Peg   are modified Peclet diffusion numbers characterized by reverse mixing 
of liquid and gas streams (at  Pe → 0  mixing is ideal and at  Pe → ∞  displacement is ideal);  Pel =Wll /Dm.l   
and  Peg =Wgl /Dm.g ;  l   is characteristic dimension, m. 

Let us determine the enthalpy of the gas at the inlet by the familiar expression 

 Ig. i = (cd.g + cvxi )Tg. i + R0xi  

where  cd.g  and  cv   are the specific heats of the dry gas and water vapor, J/(kg⋅K);  R0   is the specific liquid 
vaporization heat, J/kg;  xi   is the moisture content of the gas at the inlet, kg (vapor)/kg (dry gas). 

The proposed equations system can be used to determine the liquid and gas temperature fields (indicating 
temperature distribution along the column height) and the thermal efficiency in conditions of uniform delivery 
of the phases to the packed bed. 

Cellular Model 

For transition from diffusion model to cellular (Fig. 1), we can use the equivalence relationship  n ≈ Peg /2 ,  
where  Peg =WgH /Dm.g ;  H   is the height of the packed bed.  Then, Eq. (2) can be written for the  i  th cell as 
follows: 

 ρgWg
Ig,i–1 − Ig,i

Δz
= Qi

Vi
, (5) 

where  i = 1, 2,…, n ;  n   is the number of cells of the packed column;  Qi   is the heat flux into the  i  th cell, W;  
Vi   is the volume (m3) of the  i  th cell,  Vi = ΔzS ;  Δz   is the solution step;  Δz = H /n ;  S   is the area of the col-
umn cross-section, m2 . 

From Eq. (5) we can find the enthalpy of the gas: 

 Ig,i = Ig,i–1 −
ΔzQi

ρgWgVi
= Ig,i–1 −

Qi
G

, (6) 

where  G   is the gas mass flow rate (kg/sec),  G = ρgSWg . 
From the heat balance equation 

 Lcl (Tl,i–1 − Tl,i ) = G(Ig,i–1 − Ig,i ) (7) 
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Fig. 1.  Notional division of packed bed into cells. 

we can determine the liquid temperature in the  i  th cell: 

 Tl,i = Tl,i–1 −
G
L

(Ig,i–1 − Ig,i )
cl

, (8) 

where the liquid and gas mass flow rates  L   and  G   can be taken as constant across the packed bed height. 
Performing similar transformations using the cellular model for equation of evaporating moisture mass 

transfer we can determine the moisture concentration in the  i  th cell: 

 xi =
xi−1 + (βgav )Δzx* /Wg

1+ (βgav )Δz/Wg
. (9) 

Let us solve the system of equations (6), (8), and (9) from  i = 0   to  i = n +1 . 
From the expression for the final enthalpy of the gas 

 Ig. f = (cd.g + cvxf )Tg. f + R0xf , 

we can determine its final temperature (at known values of  Tg. f   and  xf ): 

 Tg. f =
Ig. f + R0xf
cd .g + cvxf

. 
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Note that the number of cells of the packed column is linked with the modified Peclet number [6] (Pe > 10) 
by the following equation: 

  n = 0.5Pe2 Pe −1+ exp (− Pe)[ ]−1. (10)  

At  Pe = 2–10,  it is advisable to take  Pe = 1.25(2n −1)  [6]. 
The modified Peclet number of reverse mixing is generally determined experimentally or by using semiem-

pirical equations [5, 6, 9]. 
The system of equations (6), (8), and (9) can be solved in iteration cycle by the successive approximation 

method.  The obtained solution must satisfy the heat balance equation in the integral form. 
In the case of transition from the ideal displacement model  (Pe → ∞)  to the ideal mixing model  (Pe → 0),  

the heat transfer efficiency declines by 20–35%. 

Parameters of Models 

The coefficients of reverse mixing in irregular and regular packed beds are calculated by empirical  
equations derived by treatment of S-curve of the function of response to pulse disturbance at the apparatus in-
let [5, 6].  For new packings, we can use the expression obtained by using Taylor’s model [9] (Reynolds number 
Reg > 3000): 

 
 
Peg =

WgH
Dm.g

= 0.43 H
de ξir

, (11) 

where  de   is the equivalent diameter of the packing, m;  ξir   is the coefficient of hydraulic resistance of irrigated 
packings. 

For irregular packings [9]  (40 < Reg < 104 ) 

 
 
Peg = 0.52H

Reg
ξir

⎛
⎝⎜

⎞
⎠⎟
0.25

de–1, (12) 

where  Reg =Wgde /vg ;  vg   is the coefficient of kinematic viscosity of the gas, m2 /sec . 
The coefficient of heat transfer in the gas phase  αg   for irregular packings can be determined from the ex-

pression [10] 

 
 
Nug =

αgde
λg

= 0.175 Reg0.75
ξir
2

⎛
⎝⎜

⎞
⎠⎟
0.25

Prg0.33 , (13) 

where   Nug   is the Nusselt number;  λg   is the coefficient of thermal conductivity of the gas, W/m⋅K;  Prg   is the 
Prandtl number. 

A similar expression was obtained for the Sherwood number  Shg   [10]; 

 
 
Shg =

βgde
Dg

= 0.175 Reg0.75
ξir
2

⎛
⎝⎜

⎞
⎠⎟
0.25

Scg0.33, (14) 

where  Dg   is the coefficient of moisture diffusion into the gas phase, m2 /sec;  Scg   is the Schmidt number. 
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For regular packings we can use the equation [11]: 

 
 
Nug = 0.158 Reg0.857

ξir
2

⎛
⎝⎜

⎞
⎠⎟
0.429

Prg0.33, (15)  

 
 
Shg = 0.158 Reg0.857

ξir
2

⎛
⎝⎜

⎞
⎠⎟
0.429

Scg0.33.  (16) 

Expressions (11)–(16) can be used to calculate the  Peg ,  Nug ,  and  Shg   values in each cell, taking account 
of the variation of thermophysical properties of the cooled gas and hydraulic resistance, which is an advantage 
over the known methods of calculation of cooling of gases by contact with liquids. 

Calculation of air cooling with water at atmospheric pressure in a column having ceramic Raschig rings of 
25 mm diameter was performed as an example. 

Air velocity  Wg  = 1 m/sec,  irrigation density  q = 10 m3/(m2 ⋅ h)  (film flow), initial temperature of water  
Tl. i = 20°C  and of air  Tg. i  = 40°C,  and initial moisture concentration  xi ≈ 0 . 

The following were obtained by the calculations: air temperature at the exit of the bed with a height of 1 m  
Tg. f  = 22°C  and water temperature  Tl. f  = 22.5°C.  The thermal balance is maintained with a relative error of 
about 3%. 

The authors use the cited equations of the mathematical model to calculate the parameters of packed column 
performance in various oil and gas processing enterprises.  The obtained data satisfactorily match the real pa-
rameters of operation of industrial apparatuses. 

Updating of Pyrogas Cooling Column 

Let us consider the example of updating of an industrial pyrogas cooling scrubber in a gas separation unit 
employed at an ethylene production plant. 

The unit for pyrogas washing with water is designed for cooling and scrubbing of pyrogas from coke and tar 
and for settling and separating chemically polluted water from pyrolysis tars, followed by its cooling before de-
livering back to the pyrogas scrubbing column. 

In the E-200 unit at the ‘Ethylene” plant of the PAO Kazanorgsintez (Kazan Organic Synthesis PJSC),  
the pyrogas coming from the pyrolysis ovens and the evaporative-quenching apparatuses has, after water spray-
ing into the pipeline, a temperature  Tg  = 80–105°C  and a pressure  pg  = 60–80 kPa.  Thereafter, the pyrogas 
flows into a K-201 water-scrubbing column and moves countercurrent with the cooled water (Fig. 2). 

Before updating, the column contained seven angle and seven valve plates in the lower and upper sections 
of the column, respectively.  The plates are intended for additional washing of the pyrogas from tars and coke 
and cooling to a fixed temperature of the circulating water flowing into the top and mid sections of the column.  
After cleaning and cooling, the gas flows into the pyrogas compressors of the gas separation department.   
The specified temperatures and pressures of the cleaned and cooled pyrogas are  Tg. f  = 40–45°C  and  pg  =  
50–60 kPa,  respectively.  Before updating, the column did not ensure the fixed pyrogas cooling temperature. 

Technical solutions were developed to update the column by replacing plates with regular IRG pack-
ings (OOO IVTs Inzhekhim)  (av = 162 m2 /m3)  and Inzhekhim-2000 irregular packing  (av = 70 m2 /m3) [12] 
(Fig. 3). 
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Fig. 2. Flow diagram of pyrogas cooling in K-201 column before updating: 1 − K-201 column; 2 − T-203 circulating water cooler;  
3 − T-201 circulating water cooler; 4 − E-203 circulating water settler; 5 −device for water spraying into pyrogas stream: a and  
b − lower and upper sections of the column. 

 
 (a) (b) 

Fig. 3.  Packet of plates of IRG regular packing (a) and Inzhekhim-2000 irregular packing (b). 
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After updating, the temperature of the cooled pyrogas was calculated by the proposed method.  The ob-
tained data satisfactorily (with an error of ± 6–8%) agree with the actual industrial column performance parame-
ters.  Thus, for example, while the initial pyrogas temperature was  Tg. i  = 80°C,  the temperature at the exit of 
the upper section of the column with the packing was  Tg. f  = 40.5°C  as a result of the calculation.  According to 
the industrial performance data, this temperature is  Tg. f  = 43°C  (at cooling water temperature  Tg. i  = 35°C). 

Thus, the adequacy of the mathematical model and the efficacy of updating of the column using packings 
are validated. 

This study was carried out within the framework of the Russian Science Foundation Research Project 
RNF18-79-10136: Theoretical Modeling and Development of Efficient Import-Substituting Equipment for 
Cleaning and Thorough Processing of Hydrocarbon Stocks at Enterprises of the Fuel-Energy Complex. 
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