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Abstract 
Uncertainty in model input parameters propagates 

through the model to make model output imprecision. 

Here, mathematical models used to calculate interfacial 

area and mass transfer coefficient for both random and 

structured packing in a packed bed absorption column 

was studied to investigate the propagation of model 

input parameters of viscosity, density and surface 

tension through the models. Monte Carlo simulation 

was used to examine the uncertainty propagation, and 

expectation E(Y) and standard deviation σ for the model 

output values were determined. This study reveals ±5% 

model output uncertainty for mass transfer coefficient 

and ±3.7% uncertainty for interfacial area for the Onda, 

Bravo and Fair models used in random packings. 

Further, the analysis predicts ±1.3% of uncertainty for 

interfacial area and ±0.8% of uncertainty for mass 

transfer coefficient for the Rocha’s correlations used in 

structured packings.  

Keywords:     uncertainty, absorption, mass transfer, 

interfacial area 

1 Introduction 

A mathematical model is a simplified version of a 

complex phenomenon in which assumptions are made 

during the model derivation to formulate the relations 

between parameters through mathematical equations.    

When input data are not precise, this leads to imprecise 

output results from the model. It is vital to quantify the 

uncertainty in model output to acquire an understanding 

about how accurate the estimated values through 

models. Generally, uncertainties are described by a 

probability distribution (Loucks et al, 2005).  

Uncertainty of a model output is a result of both 

uncertain model structure and parameter values (Loucks 

et al, 2005). In model structure uncertainty, the errors in 

the model structure compared to the real system, 

assumptions and numerical approximations in 

simulation caused to create uncertainty in model output. 

The uncertain estimates of model parameters also make 

the model output uncertain. It is difficult to estimate the 

model structure uncertainty compared to model 

uncertainty caused by the parameter value. Increase of 

precision in model parameters can reduce the parameter 

uncertainty but it does not mean that predictions are 

accurate. 

The analysis of model uncertainty is useful in many 

scientific applications. Krewski et al, (1995) performed 

an uncertainty analysis on physiological models using 

Monte Carlo Simulation. In this study, most of the 

model parameters were assumed to have a nature of the 

doubly truncated normal distribution. Spek et al, (2016) 

discussed improving uncertainty evaluation of process 

models in CO2 capture by using pedigree analysis. A 

study on investigating the effect of process uncertainty 

on the optimal design of a CO2 capture plant was done 

by Bahakim and Ricardez-Sandoval, (2014). The 

intention was to find the most economically feasible 

design for process equipment and acquire optimal 

operating conditions under uncertain conditions. 

Mathias and Gilmartin, (2014) evaluated the effect of 

uncertainty in property models on the simulated 

performance of solvent-based CO2 capture process.  

Gas absorption is a frequently used unit operation in 

gas treating processes. Packed bed absorption columns 

are made of either random or structured packing 

materials. The mass transfer coefficient and the 

interfacial area are the most important parameters 

involved with efficiency of packing materials. There 

have been many attempts to make mathematical models 

to evaluate both mass transfer coefficient and interfacial 

area for the both packing materials.  Physical properties 

of viscosity, density and surface tension have an 

influence on the mass transfer coefficient. Uncertainties 

of those physical properties propagate through the mass 

transfer and interfacial area models to make the 

uncertain model output.  

In this study, model uncertainty U(Y/X) analysis was 

performed to investigate the input uncertainty 

propagation of a selected amine through the mass 

transfer and interfacial area models of the packed bed.  

The mass transfer coefficient and interfacial area of 

random packings are calculated by Onda, Bravo and 

Fair’s models (Onda et al, 1967, Bravo and Fair, 1982). 

Rocha’s correlations are used to calculate the mass 

transfer coefficient of structured packings including 

sheet metal packing (Rocha et al, 1996). The 

uncertainties related to measurements and predictions of 

physical properties were considered as the input 

uncertainties in Gaussian probability distributions. 
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2 Theory 

In the field of gas treating, various mathematical models 

are available to calculate desired physical properties in 

the absorption process. Calculation of gas and liquid 

side mass transfer coefficients and interfacial area of 

packed beds have been highly concerned in many 

research works. Several mathematical models were built 

to approximate those properties using physical 

properties of an absorbent such as density, viscosity and 

surface tension. Most of the available models are based 

on either two-film theory or penetration theory with 

some reasonable assumptions (Wang et al, 2005). 

The model developed by Onda, Bravo and Fair 

(Onda et al, 1967, Wang et al, 2005) is widely used to 

determine the gas and liquid side mass transfer 

coefficients of random packings. The model is given as,  

 

For the gas side mass transfer coefficient,  

 

3
1

7.0

2 G
Gp

GG

pp

G
G Sc

a

u

da

D
ck

































    (1) 

 

For the liquid side, 
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The interfacial area can be determined by, 
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For this study, Rocha’s correlations were considered for 

structured packing (Rocha et al, 1996). 
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The interfacial area is determined by 

 

 

   3.06.02.0

359.015.0

)sin()cos(93.01Re

12.29

 


L

LL
SE

p

e SFrWe
F

a

a   (8) 

 

For the models mentioned, physical properties of 

density, viscosity and surface tension in amines were 

considered as input parameters and the uncertainty 

associated with these parameters were taken into 

account for the examination of model uncertainty. This 

analysis mainly focuses on the evaluation of parameter 

uncertainty of the models and uncertainty due to models 

structure will not be discussed here.  

Physical properties can be determined by laboratory 

experiments. In addition to that, it can be determined by 

models, created using experimental data. Both 

approaches deal with some level of uncertainty. 

Eventually, the physical properties are needed to be 

presented with an uncertainty to get an idea about the 

level of accuracy. Table 1 lists some measurement 

uncertainty of viscosity, density and surface tension of 

different amines.  

Guide to the expression of uncertainty in 

measurement (GUM) (JCGM, 2011) discussed the way 

of distributions propagate in mutually independent 

inputs through a model. Figure 1 illustrates the concept 

of propagation of distribution through a model. The 

assigned probability distribution function (PDF) for the 

inputs are represented as )( iX i
g  and model output Y is 

characterized by joint PDF )(Yg .  

During the model validation, the physical properties 

predictions are compared with the measured values to 

observe the model predictability. It gives information 

about deviation between model predictions and actual 

values. This also can be considered as a model 

uncertainty and it contains many uncertainty sources.  

Onda’s correlations for liquid-phase mass transfer fulfill 

±20% of agreement with the large amount of data on 

organic liquids and water (Potnis and Lenz, 1996).    

 
Table 1. Measurement Uncertainty of physical properties 

 

Property Uncertainty 

Viscosity ± 0.015 mPa·s  (95% confident level, 

k=2) (Arachchige et al, 2013)  

± 0.12 mPa·s (95% confident level, 

k=2) (Sobrino et al, 2016)  

Density ± 4.42 kg/m3 ( 95% confident level, 

k=2)(CO2 loaded solution) (Jayarathna 

et al, 2013)   

±0.05 kg/m3 (Standard uncertainty) 

(CO2 loaded solution) (Amundsen et 

al, 2009)  

Surface  

tension 

± 0.02 mN/m (accuracy) (Vazquez et 
al, 1997)  

± 1.2 mN/m ( 95% confident level, 

k=2) (Jayarathna et al, 2013)    
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Nookuea et al, (2016) summarized possible uncertainty 

ranges for different properties of gas and liquid CO2 

mixtures and a sensitivity analysis was done considering 

±20% deviation of physical properties to investigate 

their impact on the design of an absorber.  

 

The standard uncertainty in Y due to uncertainty in X   
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The standard uncertainty in Y due to uncertainty in jX  

is  jXYU \  

 

Then the relative uncertainty is defined as 
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3 Methodology  

In this study, CO2 absorption into 30% (by weight) 

monoethanol amine was considered as the physical 

process. It was assumed that the uncertainty of the 

physical properties has a Gaussian distribution.  

Experimentally measured values of viscosity, density 

and surface tension of monoethanol amine with standard 

uncertainty ±5 % at 313.15 K were considered as model 

input parameters and Monte Carlo techniques were used 

to estimate uncertainty for the liquid side mass transfer 

coefficient and interfacial area of the packing materials. 

Simulations were performed in MATLAB environment 

and a built-in random number generator was used to 

generate values from Gaussian distribution for the input 

properties within the considered uncertainty levels. 

Table 2 shows the values for the considered inputs with 

uncertainties. 

For the random packings, Ceramic Raschig Rings 

(25mm) and for the structured packings, Sulzer BX 

(Gauze) packing were selected for this study. The 

diffusion coefficients of CO2 (m2/s) in gas and liquid are 

1.70x10-5 and 2.82x10-9 respectively (Eimer, 2014). The 

gas and liquid flow rates were assumed as 1.7 kg/m2·s 

and 1.85 kg/m2·s.  

 
Table 2. Input parameter values and uncertainties 

Parameter Value Uncertainty 

Viscosity 1.628 mPa·s ± 0.0814 mPa·s 

Density 1003.3 kg/m3 ± 50.165 kg/m3 

Surface tension 0.0624 N/m ± 0.00312 N/m 

4 Results  

Initially, all the input parameters were considered 

together to evaluate uncertainty propagation through the 

model. The model of interfacial area (Eq (3)) for random 

packing was considered first and the model output was 

described using a histogram. Subsequently, the 

uncertainty predicted for interfacial area was used for 

the uncertainty evaluation of liquid side mass transfer 

coefficient from Eq (2). Figure 2 illustrates a histogram 

of values obtained for the interfacial area of random 

packing.  

 

 
Figure 2. Histogram of interfacial area of random 

packing 

 

Figure 3 shows the variation occurred for the liquid side 

mass transfer coefficient under considered input 

 

 

Figure 1. Illustration of the propagation of distribution (JCGM, 2011)  
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uncertainty. Table 3 summarized the calculated 

expectation and standard deviation for both interfacial 

area and mass transfer coefficient of Onda, Bravo and 

Fair’s correlations. 

 

 
Figure 3. Histogram of mass transfer coefficient (liquid 

side) of random packing 

 
Table 3. Estimated expectation and standard deviation for 

the random packings 

Model Expectation 

E(x) 

Standard deviation 

(σ) 

Interfacial 

area 

79.88 m2/m3 2.97 m2/m3 

Mass transfer 

coefficient 

5.9x10-5 m/s 2.97x10-06 m/s 

 
Similarly, for the structured packing, Figure 4 shows a 

histogram created from the values obtained for the 

interfacial area of structured packing.  

 

 
Figure 4. Histogram of interfacial area of structured 

packing 

 
Figure 5. Histogram of mass transfer coefficient (liquid 

side) of structured packing 

 

Simulation results on mass transfer coefficient 

(liquid side) of structured packing are shown in Figure 

5. Calculated expectation and standard deviation for the 

interfacial area and mass transfer coefficient of Rocha’s 

correlations under Sulzer BX (Gauze) packing is listed 

in Table 4.  

 
Table 4. Estimated expectation and standard deviation for 

the structured packings 

Model  Expectation 

E(x) 

Standard 

deviation (σ) 

Interfacial 

area  

47.5 m2/m3 0.6 m2/m3 

Mass transfer 

coefficient  

1.36x10-04 m/s 1.04x10-06 m/s 

 
Results reveal the propagation of uncertainty in 

model parameters through the mathematical model. This 

method only addresses the parameter uncertainty and 

uncertainty due to the model structure is not discussed 

here.  

The relative uncertainty of the parameters 

uncertainty was evaluated according to the Eq (10). It 

shows ±3.7% of uncertainty for interfacial area and ±5% 

of uncertainty for mass transfer coefficient for the 

random packing. Similarly for the structured packings, 

±1.3% of uncertainty for interfacial area and ±0.8% of 

uncertainty for mass transfer coefficient. 

One advantage of performing this analysis is being 

able to estimate the relative impacts of input parameter 

uncertainties. This relative effect of uncertain 

parameters (viscosity, density and surface tension) were 

considered individually in uncertainty analysis. 

Estimated expectations and standard deviations due to 

the relative parameters in Onda, Bravo and Fair’s 

correlation for random packings are shown in Table 5. 
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            (a) 

 
             (b) 

 
              (c) 

Figure 6. Histogram of the interfacial area under relative 

parameter uncertainty. (a,b,c for interfacial area due to 

viscosity, density and surface tension respectively) 

  
Table 5. Estimated expectations and standard deviations 

due to the relative parameters. ae (m2/m3), kL (m/s) 

  Viscosity Density Surface 

tension 

ae 
 

E(Y/Xj) 79.3 79.3 79.5 
σ(Y/Xj) 0.3 0.3 2.9 

kL E(Y/Xj) 5.9x10-5 5.9x10-5 5.9 x10-5 
σ(Y/Xj) 2.42x10-6 0.5x10-6 1.36x10-6 

 

The relative uncertainty RU(Y\Xj) of the effect created 

by individual model parameters are shown in Table 6. 
Uncertainties were estimated for random packings 

under same input parameter uncertainties as shown in 

Table 2. The histogram created from model outputs 

within the study of the effect of individual parameter 

uncertainty are shown in figure 6 and 7.  

  

Table 6. The relative uncertainty RU(Y\Xj) of the effect 

created by individual model parameters 

 

Parameter 

Model 

Mass transfer 

coefficient Lk  

Interfacial area 

ea  

Viscosity ± 4.1% ± 0.38% 

Density ± 0.85% ± 0.38% 

Surface tension  ± 2.3% ± 3.65% 

 

 
            (a) 

 
             (b) 

 
              (c) 

Figure 7. Histogram of the mass transfer coefficient under 

relative parameter uncertainty. (a,b,c for mass transfer 

coefficient due to viscosity, density and surface tension 

respectively) 
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The effect of individual parameters on parameter 

uncertainty of the model was compared. Uncertainty of 

surface tension has a major impact on interfacial area as 

shown in the results. Viscosity and density have a minor 

effect in interfacial area. For the mass transfer 

coefficient, viscosity shows a significant influence in 

model uncertainty. There, density and surface tension 

has minor effects.   

5 Conclusion 

Monte Carlo simulation was used to examine 

uncertainty propagation of model input parameters of 

viscosity, density and surface tension on the interfacial 

area and mass transfer coefficients in random and 

structured packings. 

Overall uncertainty of model output gives 

information about how the model behaves under random 

behavior of all the input parameters. This study reveals 

±5% model output uncertainty for mass transfer 

coefficient and ±3.7% uncertainty for interfacial area for 

the Onda, Bravo and Fair models used in random 

packings. Further, the analysis predicts ±1.3% of 

uncertainty for interfacial area and ±0.8% of uncertainty 

for mass transfer coefficient for the Rocha’s correlations 

used in structured packings.  

The relative impact of individual parameters predicts 

the model sensitivity and individual uncertainty 

contribution. Uncertainty in surface tension has a 

significant effect on the uncertainty of interfacial area in 

random packings that is ±3.65%. According to the 

considered correlations on random packing, the 

uncertainty of interfacial area can be reduced by 

reducing the imprecision of surface tension. Mass 

transfer coefficient gets a greater influence from 

viscosity with ±4.1%. Precise input parameter values on 

viscosity enhance the precision of the mass transfer 

coefficient. 

Nomenclature  

ea  Effective specific interfacial area, (m2/m3) 

pa  Packing specific surface area, (m2/m3) 

c  Packing-specific constant  

D  Diffusion constant, m2/s 

pd  Particle diameter, m 

SEF  Packing surface enhancement factor   

Fr  Froude number 
g  Gravitational acceleration, m/s2 

hL Liquid holdup m3/m3 

k  Mass transfer coefficient, m/s 

s  Corrugation side length, m 
Sc  Schmidt number 
u  Superficial velocity, m/s 
We  Weber number 

  

Greek letters 
  Corrugation inclination angle, deg 
  Void fraction of packing  
  Contact angle between liquid and surface 
  Viscosity, Pa·s 
  Density, kg/m3 
  Surface tension, N/m 

  

Subscripts 

G Gas 

L Liquid 

e Effective 

c Critical 
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