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IntROduCtIOn 

The study of drag reduction has been carried out since 

the late 1940s by B. A. Toms [1]. The phenomenon 

of drag reduction is commonly referred as “Toms 

phenomenon” as Toms was the first person to observe 

the phenomenon in his investigation of mechanical 

degradation in pipe flow using polymer solutions. 

Toms [1] found that the same flow rate can be obtained 

with a lower pressure gradient from a mixture of 

polymethyl methacrylate in monochlorobenzene 

compared to the solvent alone.

Drag reduction is a phenomenon where turbulent 

friction of a fluid can be greatly reduced (up to over 

70%) with the addition of small amount of additives 

(e.g. a few parts per million) [2]. The main purpose of 

using drag reduction is to reduce energy consumption 

by using an active agent known as Drag Reduction 

Agents (DRA) without changing the mechanical 

parts of the process such as size of pumps, pipes and 

fittings. Virk [3] published one of the most extensive 

review papers on drag reduction. The research paper 

covers wide areas of drag reduction studies including 

mechanisms of drag reduction, gross flow, turbulence 

structure and mean velocity profile. He proposed the 

concept of drag reduction envelope and maximum 

drag reduction asymptote. The Prandtl-Karman law 

for Newtonian turbulent flow and the maximum 

drag reduction asymptote are the two universal 

asymptotes which the drag reduction envelope is 

bounded within.  He pointed out that the maximum 

drag reduction is not sensitive to molecular weight, 

polymer species and concentration. Therefore, the 

maximum drag asymptote and the Prandtl-Karman 

law define the best case of drag reduction and the 

zero drag reduction case respectively. Polymeric 

regime is the regime between the maximum drag 

asymptote and the Prandtl-Karman law, in which the 

friction factor relations are approximately linear and 

can be characterized by two parameters, which are 

the slope increment and the wall shear stress at the 

onset of drag reduction [3].

There are several ways of quantifying the degree of 

drag reduction. Jaafar [4] evaluates drag reduction 

by calculating the friction factor of water and the 

friction factor of the polymer solution at the same 
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ABStRACt

This study is intended to explore and compare the compatibility of additives which were added into the commercial 

Drag Reduction Agents (DRA) and the solvents in different concentrations using a controlled stress rheometer. Torque 

induced by the fluid has been measured with the increase of angular velocity. The performance of DRA is directly linked 

to the drag reduction percentage (%DR) by utilizing the torque measured from the rheometer. Experimental results 

showed that the presence of additives such as Xanthan gum and filtration control agent in water soluble DRA does not 

help in the performance of DRA. However, Pour Point Depressants showed great compatibility with the oil soluble DRA.

Index Terms—Additives, Drag reduction
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Reynolds number. Mowla and Naderi [5] define drag 

reduction as the difference in pressure drop between 

treated fluid (containing DRA) and the untreated fluid 

(without DRA) using a flow loop. Out of the researches 

cited, only Henaut et al. [6] utilized a rheometer 

for the assessment of drag reduction. Research by 

Henaut et al. [6] was carried out using a controlled 

stress rheometer as a fast screening of DRA in order 

to decide on the most suitable DRA due to the low 

volume of fluid and short period of time required to 

run the test. The performance of DRA is considered 

to be directly linked to the magnitude of the drag 

reduction percentage. Henaut et al. [6] demonstrated 

that the effectiveness of DRAs can be evaluated by 

comparing the flow curves of a treated solution to 

untreated solution. Significant reduction of torque in 

the rheometer can be observed in turbulent regime 

with the presence of DRA.

The study of drag reduction is important as power 

resources is one of the major concerns in the modern 

industrial development. Turbulent mode of liquid 

transported through pipelines often caused the 

pumping power losses and it is not economical 

from a company’s perspective, especially in the oil 

industry. DRA comes in useful as it has high capability 

in reducing the energy consumption. The flow rate of 

the liquid in the pipeline can be increased with the 

use of drag reduction agents without changing the 

mechanical parts of the process such as the size of 

the pipeline, the pump capacity etc. Although many 

literature surveys on the study of drag reduction are 

available [7-10], only a few attempts have been made 

to study the effect of additives on the performance of 

DRA which are usually present together with the DRA 

in practice. Additionally, most experiments on drag 

reduction performance are carried out using a flow 

loop which consumes a lot of time and money.

This study is intended to explore and compare the 

compatibility of additives, a viscofier, a filtration control 

agent, a demulsifier and a pour point depressant (PPD),  

added into the commercial drag reduction agents 

and its respective solvents at different concentrations 

using the AR-G2 controlled stress rheometer. The 

method of assessment using the rheometer is 

adopted due to the simplicity, rapidity, small sample 

volume requirement and large temperature range to 

be tested. The study will address the performance of 

the commercial DRA under the rheometer and the 

compatibility of additives which are present together 

with the DRA.

EXPERIMEntAL ARRAngEMEnt

The AR-G2 controlled stress rheometer (Figure 1) 

from TA Instruments is utilized for this study as flow 

loop, which is a common experimental set up for drag 

reduction study, is costly and time consuming. 

Figure 1. Controlled stress rheometer

A double concentric cylinder (DCC) is used in the 

rheometer for the intended purpose. The inner 

cylinder will be rotating while the outer one will be 

attached to the base of the rheometer. The double 

concentric cylinder geometry is suitable for fluid 
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medium possessing very low to medium viscosity 

range. Schematic of the geometry is shown in Figure 

2.

   Figure 2.   Schematic of a double concentric cylinder 

geometry, R1=15.14 mm, R2=16.00 mm,

R3=17.48 mm, R4=18.51 mm, H=53.00 mm.

The Reynolds number corresponding to this geometry, 

Re, is given by:

(1)

For the case of the inner cylinder rotating, as in the 

double concentric cylinder geometry, the centrifugal 

force resulted from the rotation contributes to a 

destabilization of the flow field [2]. For a Newtonian 

liquid, the point at which the streamlines cease to be 

circular and at which the flow field presents Taylor 

instabilities has been found by Chabra and Richardson 

[11]  to take place at a critical Reynolds number defined 

by:

(2)

According to Chabra and Richardson [11], secondary 

flows are of particular concern in the controlled stress 

instruments which usually employ a rotating inner 

cylinder, in which case the inertial forces will cause a 

small axisymmetric cellular secondary motion (‘Taylor’ 

vortices). The stability criterion for a Newtonian fluid 

in a narrow gap is given as:

(3)

and this corresponds to a Reynolds number of 240 for 

the set-up used in this study.

WORKIng FLuId CHARACtERIZAtIOn

Two commercial DRAs were utilized in this study; 

a water soluble DRA and an oil soluble DRA.  Both 

commercial DRAs were supplied by Scomi Anticor, 

France. The commercial water soluble DRA used has 

the physical state of opaque liquid with a density of 

1050±20 kg/m3 at 20°C as given by the supplier. It 

is soluble in water and its viscosity is reported to be 

1200cps at 20°C. The commercial oil soluble DRA used 

has the physical state of white paste with a density 

stated by the supplier to be 920±20 kg/m3 at 20°C. It 

consists of a very high molecular weight polymer.

For the additives, samples of Xanthan gum were 

obtained from Scomi Oiltools in powder form. It is 

soluble in water, having a specific gravity of 1.5 to 1.7. 

Xanthan gum is a high molecular weight biopolymer 

used for increasing the rheological parameters in 

water-based drilling fluids. Small quantities will 

provide excellent viscosity for suspending weighting 

material for all water-based drilling fluids systems. It 

has the unique ability to produce a fluid that is highly 

shear-thinning and develops a true gel structure. 
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Samples of filtration control agent were also obtained 

from Scomi Oiltools. It is a non-fermenting pre 

gelatinised high-temperature starch used to control 

filtration in water based muds. It is a polysaccharide, 

appearing in powder form with the specific gravity 

of 1.4 to 1.6. It is designed to reduce fluid loss and 

increase viscosity in all water base muds for saturated 

salt and brine systems where other products are not 

effective.

A crude oil was used for the evaluation of commercial 

oil soluble DRA. It has the density of 795kg/m3 at 25°C

with a Wax Appearance Temperature (WAT) of 32°C 

(Figure 3).

          Figure 3.   Wax Appearance Temperature 

for crude oil.

Pour Point Depressants (PPD) and Demulsifiers were 

the sample additives obtained from PETRONAS 

Research Sdn. Bhd. Both additives are commonly 

present in crude oils transport. PPD is used to modify 

the pour point temperature in waxy crude while 

demulsifiers (emulsion breaker) are used to break 

down oil emulsions. It separates water from crude 

oils by increasing the radius of water droplets and 

decreases the viscosity of crude oils.

EXPERIMEntAL PROCEduRE

In order to ensure that the DRA is homogeneously 

mixed in water and crude oil, an overhead stirrer was 

used with a constant low speed (approximately 200 

rpm) for the duration of 3 hours until the solutions 

appeared to be visibly homogeneous. Low speed 

stirring was applied to ensure that the polymer 

molecules within the DRA do not mechanically 

degrade (e.g. break) during the mixing process. 

Constant speed and time used throughout the 

mixing process will also help to reduce and minimize 

inconsistencies. Fish eyes or lumps were initially 

observed when DRA was first introduced into the 

fluid but disappeared after 3 hours of continuous 

mixing. Some salt (sodium chloride) was added into 

the solution to enhance the solubility for the water 

soluble DRA. The solution was sealed throughout the 

process to avoid water loss by evaporation which will 

lead to the increase of concentration in the solution 

hence causing inaccuracy of experimental data 

obtained. Solutions were left for at least 8 hours before 

rheological tests were conducted. This is to ensure 

complete de-aeration in the solution. Upon loading 

into the DCC the solution was left to rest for 2 minutes 

to ensure that the molecules are sufficiently relaxed 

after shear was applied to the solution at the tip of 

pipette used during the extraction of solution from 

the beaker and also the loading of solution into the 

DCC. The temperatures for all the DRA assessments 

were set to 25°C.

RESuLt And dISCuSSIOn

Water. Figure 4 shows the plotted result for water 

using the AR-G2 rheometer. The angular velocity was 

varied from 0 rad/s to 300 rad/s, which is the maximum 

angular velocity that the rheometer could sustain. 

Fresh sample is used for all the measurements. Critical 

Reynolds number where the fluid starts to experience 

Taylor instabilities is calculated using Equation (2) and 

found out to be at approximately 240 with the critical 

angular velocity, Ωc to be at 13 rad/s.
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Experimental results showed that water starts to 

experience Taylor instabilities above 13 rad/s, where 

the torque no longer varies linearly with the angular 

velocity. The development of Taylor instabilities can 

be clearly detected as the angular velocity increases.

Water Soluble dRA. Experiments on commercial 

water soluble DRA with UTP tap water as the solvent 

are carried out at the concentrations of 50 ppm and 

100 ppm, typical concentrations as recommended 

by the supplier. The results are plotted and shown 

in Figure 5. For 50 ppm of DRA in water, the critical 

angular velocity is 110 rad/s, with the critical Reynolds 

number for onset drag reduction, calculated from 

Equation (1), to be 335.5. It is worth highlighting that 

from the experiments conducted, there is no specific 

way to determine the onset of turbulence. Jaafar [4] 

however, states that drag reduction might not be 

observed immediately after the onset of transition to 

turbulence but occurring at some delayed Reynolds 

number between the critical Reynolds number and 

the limit where the maximum value of turbulent 

intensity is reached.

     Figure 4.    Laminar and Taylor instability 

       regimes for water.

    Figure 5.   Drag reduction ability of commercial 

     water soluble DRA at various 

     concentrations.

The operating range for 50 ppm of DRA in water 

is from 110 rad/s to 300 rad/s. The drag reduction 

percentage, %DR can be calculated using Equation 

(4)

(4)

where the subscripts u and t refer to the untreated 

fluid (without DRA) and treated fluid (with DRA). The 

result calculated shows that the presence of 50 ppm 

DRA in water is able to reduce the drag as much as 

18.9% at 300 rad/s.

For 100 ppm of DRA in water, the critical angular 

velocity is delayed to 175 rad/s as compared to 50 

ppm and the critical Reynolds number for onset drag 

reduction is calculated to be at 412.6. The operating 

range for 100 ppm DRA in water is smaller than that 

for the lower concentration and is from 175 rad/s 

to 300 rad/s. The drag reduction percentage, %DR 

calculated shows that the presence of 100 ppm DRA 

in water is able to reduce the drag as much as 26.4%.

It is interesting to note that from 15 rad/s to 160 

rad/s, the torque measured for 100 ppm DRA is 
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higher than that of water alone, indicating adverse 

drag reduction within this range. This is believed to 

be due to the fact that the 100 ppm solution has a 

higher viscosity and hence greater torque required 

to flow prior to the point where DRA starts to be 

effective in reducing the drag within the flow.

Water Soluble dRA with the Presence of 

Additives. Concentration of 100 ppm is chosen to 

evaluate the compatibility of additives which are 

present together with water soluble DRA. This is 

because the concentration of 100 ppm shows a 

greater result in drag reduction as compared to the 

50 ppm DRA. Although the torque required for the 

concentration of 100 ppm might be slightly higher 

than the concentration of 50 ppm at lower angular 

velocity, it can be paid lesser attention as in practise 

the commercial DRA is injected continuously at high 

flow rates. 

   Figure 6.     Drag reduction ability of commercial 

      water soluble DRA with the presence

      of additives in 100 ppm.

Figure 6 shows the experimental results gathered 

for the drag reduction ability of water soluble DRA 

with the presence of additives. For the presence of 

Xanthan gum in the commercial water soluble DRA, 

the critical angular velocity is 190 rad/s and the 

critical Reynolds number for onset drag reduction 

is calculated to be at 412.6. The operating range for 

100 ppm Xanthan gum in water is from 190 rad/s 

to 300 rad/s. The drag reduction percentage, %DR 

calculated shows that the presence of 100 ppm DRA 

and Xanthan gum in water is able to reduce the drag 

as much as 22.4% at 300 rad/s indicating reduced 

effect of 100 ppm DRA with xanthan gum.

For the presence of filtration control agent in the 

commercial water soluble DRA, the critical angular 

velocity is 125 rad/s and the critical Reynolds number 

for onset drag reduction is calculated to be at 355.9. 

The filtration control agent, however, extends the 

operating range of the DRA to be from 125 rad/s 

to 300 rad/s. The drag reduction percentage, %DR 

calculated shows that the presence of 100 ppm DRA 

and filtration control agent in water is able to reduce 

the drag as much as 17.8%. Although the presence of 

filtration control agent is able to reduce the torque 

at the beginning, it does not intensify the effect in 

drag reducing ability as the torque starts to increase 

and exceed the torque of DRA at 250 rad/s. This leads 

to the reduction of %DR compared to DRA in water 

alone. The results are tabulated in Table 1.

TABLE 1:    Summarized results for 

     water soluble DRA.

Note that the reason for the negative impact of 

these additives on the water soluble DRA could not 

be explained from the results obtained from the 

rheometer alone and hence, any explanation given 
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will only be speculative.

Oil Soluble dRA. Experiments on commercial oil 

soluble DRA with crude oil are carried out at the 

concentrations of 25 ppm and 50 ppm, typical 

concentrations for the oil soluble DRA. The results 

are plotted and shown in Figure 7. For 25 ppm DRA 

in crude oil, the critical angular velocity is 95 rad/s, 

where the critical Reynolds number for onset drag 

reduction calculated is 69.4. The operating range for 

25 ppm DRA in crude oil is from 95 rad/s to 300 rad/s. 

The %DR calculated using Equation (4) showed that 

the presence of 25 ppm DRA in crude oil is able to 

reduce the drag as much as 24.6% at 300 rad/s.

   Figure 7.     Drag reduction ability of commercial 

     oil soluble DRA at various 

     concentrations.

For 50 ppm of DRA in crude oil, the critical angular 

velocity is delayed to 110 rad/s as compared to 25 

ppm and the critical Reynolds number for onset drag 

reduction is calculated to be at 81.9. The operating 

range for DRA in crude oil for the 50 ppm DRA is 

slightly reduced to be from 110 rad/s to 300 rad/s. 

The %DR calculated shows that the presence of 50 

ppm DRA in crude oil is able to reduce the drag as 

much as 31.5%.

Although the torque required for both concentrations 

of 25 ppm and 50 ppm are slightly higher at the 

beginning, it can be paid lesser attention with the 

same explanation as for the water soluble DRA at 

100 ppm. The concentration of 50 ppm is used to 

evaluate the compatibility of additives which are 

present together with the commercial oil soluble 

DRA due to the greater results obtained in %DR 

compared to that for 25 ppm DRA.

Oil Soluble dRA with the Presence of Additives. 

Concentration of 100 ppm is used for all additives 

as it is the common concentration practiced in the 

industry. Figure 8 shows the experimental results 

gathered for the drag reduction ability of oil soluble 

DRA with the presence of additives. The onset 

of drag reduction for commercial DRA with and 

without the presence of demulsifier is at the same 

critical angular velocity of 110 rad/s indicating no 

sign of improvement or negative impact on drag 

reduction with the presence of emulsifiers.

For the presence of PPD in the commercial oil soluble 

DRA, a positive effect of drag reduction is found 

where an increase of the drag reduction ability by 

as much as 9.4% is calculated, resulting in a %DR of 

40.9% at the highest measureable angular velocity. 

This is due to the fact that a PPD reduces the pour 

point temperature and increases the flow-ability of 

the crude subsequently resulting in an increase of 

the %DR.
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   Figure 8.     Drag reduction ability of commercial

      oil soluble DRA with the presence

      of additives.

To support this, an experiment on the presence of 

PPD in crude oil has been carried out to measure the 

WAT under the rheometer and shown in Figure 9. It 

can be clearly seen that the WAT of crude oil has been 

shifted from 32°C to 24°C in the presence of PPD at 

a concentration of 100 ppm. Table 2 summarizes the 

results for the oil soluble DRA.

   Figure 9.     Wax Appearance Temperature of 

      crude oil with and without PPD.

   tABLE 2  : Summarized results for oil soluble DRA.

COnCLuSIOnS

In conclusion, the new method of evaluating 

the performance of DRA using a DCC in a 

rheometer showed great potentials in replacing 

the conventional flow loop and provides a quick 

assessment especially in determining the operating 

envelope and chemical compatibilities. The study 

on the performance on commercial DRA and the 

compatibility of additives added into the commercial 

DRA will certainly serve to the followings:

•	 Reduction	of	pumping	power	losses	in	the	

oil and gas industry.

•	 Reduction	of	energy	consumption.

Experimental results showed that the presence of 

additives such as Xanthan gum and filtration control 

agent in water soluble DRA and demulsifier in oil 

soluble DRA does not help in the performance of 

the DRA. However, PPD showed great compatibility 

with the oil soluble DRA where increases in drag 

reduction and operating range were observed 

compared to that of the DRA alone.

Since this method of assessment is still at an infancy 

stage, measurements are concentrated at ambient 

conditions only. Effects of pressure and temperature 

can be taken into consideration in the future to 

assess the performance of the DRA with and without 

additives.
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ABBREvIAtIOnS

Re Reynolds number (-)

Ω Angular velocity (rad/s)
ρ Fluid density (kg/m3)

Rm Radius of rotating cylinder of the  

            rheometer, R3(m)

ΔR Radius difference between the 
outer and inner cylinder, R4-R3(m)

μ Fluid viscosity (Pa.s)
H Cylinder immersed height (m)

Ta Taylor number (-)

%DR  Percent drag reduction (%)

SuBSCRIPtS

u Untreated luid (without DRA)
t Treated luid (with DRA)
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IntROduCtIOn 

The usage of high-grid electrical energy in the 

conventional air conditioning systems is replaced by 

the low-grid thermal energy with liquid desiccant air 

conditioning (LDAC) systems because LDAC systems 

save a lot of energy by operating on solar energy or 

waste energy of power plants [1]. Moreover, LDAC 

system combine other processes that are  further 

energy saving such as desiccant dehumidification, 

evaporation, heat recovery, and heating causes for 

cooling [2]. 

Dehumidifier and regenerator are the main 

components  of  the LDAC  system and their 

performance affects the efficiency of the whole 

desiccant cooling system. Hence, for the performance 

improvement of these components different 

mathematical models are given in previous studies. 

Ren et al. [3] presented an analytical model for 

internally cooled or heated desiccant system. In 

this model one dimensional differential equation 

is used to analyze the effect of solution film heat 

& mass transfer, non-unity values of Lewis factor, 

variation in solution mass flow rate and incomplete 

surface wetting conditions. An overview about LDAC 

technology was presented by Sanjeev and Bansal [4]. 

In their study, they presented a number of things; 

performance of dehumidifiers, use of hybrid systems 

in current HVAC systems, comparative parametric 

analysis of three widely used desiccants viz. calcium 

chloride, lithium chloride and triethylene glycol for 

packed bed dehumidifiers. They also concluded that 

for in depth analysis of dehumidifier unit there is 

still need of developing more compressive empirical 

models for dehumidification.

To save high amount of energy, the system should 

have the high efficiency. Therefore, this study 

presents the parametric analyses of the dehumidifier 

to increase its efficiency so that performance of the 

LDAC system can be improved. The performance of 

the dehumidifier is studied on the basis on various 

parameters moisture efficiency, enthalpy efficiency, 

desiccant concentration, number of transfer unit and 

thermal capacity ratio of air to desiccant.

PARAMEtRIC AnALySIS OF LItHIuM CHLORIdE (LICL) BASEd 

MAtHEMAtICAL MOdEL FOR tHE dEHuMIdIFIER

Majid Bin Mehmood Ali Wassan*, Khairul Habib, Rano Khan

Mechanical Engineering Department, Universiti Teknologi PETRONAS

Bandar Seri Iskandar, 31750 Tronoh, Perak, Malaysia

*majidwassan01@gmail.com

ABStRACt 

Dehumidifier is one of the main components of the liquid desiccant air-conditioning (LDAC) system and its performance 

affects the efficiency of the whole system. Therefore to increase the workability of the LDAC system parametric analyses 

of the dehumidifier are done on the basis of the developed mathematical model. The graphs are plotted on the basis 

of experimental results and to formulate the model, regression analysis is done using fitting tool in MATLAB. Results 

of the developed mathematical model are also compared with numerical results of previous study. Finally, important 

conclusions are made to improve the moisture and enthalpy efficiency for the  dehumidifier.

Keywords -  Dehumidiier, LiCl, mathematical model, liquid desiccant air-conditioning (LDAC) system 
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dESCRIPtIOn OF dEHuMIdIFIER 

     Figure 1.     Schematic for counter flow dehumidifier

Parametric analysis of the dehumidifier is studied 

on the basis of physical model shown in Fig.1. It is 

based on the LiCl aqueous solution and counter-

current flow between desiccant and inlet air for better 

dehumidification results [3], [5], [6], [7], and [8]. When 

air and desiccant come in contact with each other 

desiccant solution absorb the water vapor present 

in the ambient air and as a result air is dehumidified. 

During dehumidification process concentrated/

strong desiccant solution becomes diluted because of 

mixing water vapor with it. Dilute desiccant solution 

is regenerated by passing it through the regenerator 

and same cycle is repeated again.

PARAMERtRIC FORMuLAtIOn

First parameter that is used to study the performance 

analysis is the moisture efficiency ηm and it is defined 

as [9] the ratio of actual change in air humidity ratio to 

maximum possible change in it

(1)

Xa,i, Xa,o and Xe,i represent inlet humidity ratio,

outlet humidity ratio and equivalent humidity ratio 

respectively.

Second parameter that affects the performance of 

the dehumidifier is the enthalpy efficiency ηh and

it is defined as [10] the ratio of actual change in air 

enthalpy to maximum possible change in it

(2)

Ya,i, Ya,o and Ye,i represent inlet enthalpy, outlet 

enthalpy and equivalent enthalpy respectively.

Third parameter that is used to investigate the 

performance is the air temperature at the outlet of 

dehumidifier given as [11]

(3)

z, cp,a and cp,f denote heat of vaporization, specific

heat at constant pressure for air and specific heat at 

constant pressure for water respectively.

And another parameter used for the performance 

investigation is the desiccant concentration at the 

outlet of dehumidifier [3]

(4)

ξ, m
.
s,i and m

.
a,i denote desiccant concentration, inlet

desiccant mass flow rate, and inlet air mass flow rate 

respectively.

To evaluate moisture and enthalpy efficiency, 

expressions for the equivalent humidity ratio and 

equivalent enthalpy is needed. 

The general expression for enthalpy can be written as 

(5)
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Yda and Yg are enthalpies of air at dry and saturated

vapor state respectively. Xe,i is the equivalent air

humidity ratio and it is given by [12]

(6)

Pvs is the vapor pressure of desiccant solution, it

can be found by using its relation with equivalent 

humidity ratio. Different properties of liquid desiccant 

solution on the basis of experimental analysis [13] are 

discussed as follows

   Figure 2.     Vapor pressure of LiCl at different 

           temperatures for different constant 

           concentration

Vapor pressure of the desiccant solution for constant 

concentration increases by increasing the solution 

temperature. It is highly affected by the change 

in the concentration of desiccant solution; hence 

by increasing the desiccant concentration there is 

decrement in the vapor pressure of desiccant solution 

as shown in Fig.2.

   Figure 3.      Desiccant equivalent humidity ratio

           of LiCl at different vapor pressure for 

           different constant concentration

The equivalent humidity ratio for constant 

concentration increases by increasing the solution 

vapor pressure. It is also afected by changing the 

desiccant concentration, the equivalent humidity 

ratio decreases as the concentration of desiccant 

solution increases as indicated in Fig.3.

The relation between desiccant vapor pressure and 

equivalent humidity ratio can be obtained by using 

itting tool in MATLAB. Following the linear model of 

polynomial degree two is generated having R2 0.999

(7)

   Figure 4.     Equivalent enthalpy of LiCl at 

           diferent equivalent humidity

           ratio for diferent constant 

           concentration

Fig.4 shows that equivalent enthalpy increases as the 

solution vapor pressure equivalent humidity ratio 

increases keeping desiccant concentration constant. 

Enthalpy follows the same linear trend through 30% 

to 70% desiccant concentration but its value difers 

by changing desiccant concentration, equivalent 

enthalpy decreases as the concentration of desiccant 

solution increases and vice versa.

Fitting tool in MATLAB can be used here to establish 

relation between equivalent enthalpy and equivalent 

humidity ratio. The following linear model is generated 

in MATLAB simulation having R2 0.999
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(8)

Similarly, based on the above relation the equation 

for desiccant equivalent inlet enthalpy and air inlet 

enthalpy can be given as

(9)

(10)

RESuLt And dISCuSSIOn

In this section, mathematical model is validated on 

the basis of previous study [3] and then it used for the 

parametric analysis of the dehumidiier. The analysis 

is done in such a way that to recognize the relation 

between two quantities other parameters are kept 

constant.

COMPARISOn WItH PREvIOuS Study

The numerical results from Ren et al. [3] are used 

for the validation of the results of present study. 

Calculation is made easier by considering the value 

for Lewis number as unity.

TABLE I.      INLET  CONDITIONS FOR 

       COMPARISON [3]

   Figure 5.    Comparison results between

           the current study and results by 

           Ren et al. [3]

On comparison results of the current study are agreed 

well with numerical results as shown in Fig.5. Liquid 

desiccant solution and low pattern used are LiCl 

and counter-current respectively. The value for mass 

transfer unit, heat capacity ratio from desiccant to air 

and heat capacity ratio from desiccant to air are taken 

as 1, 4, and 0.5 respectively.

PARAMEtRIC AnALySIS OF tHE dEHuMIdIFIER

The performance of the dehumidiier is studied for 

four parameters; air temperature at the outlet of 

dehumidiier, desiccant concentration at the outlet 

of the dehumidiier, moisture eiciency and enthalpy 

eiciency. 

The air outlet temperature at constant air enthalpy 

decreases with increasing the air inlet humidity 

ratio. It is afected by a change in the enthalpy of 

inlet air; hence by increasing the air enthalpy outlet 

temperature of the air increases as shown in Fig.6. It 

shows that to obtain low required outlet temperature 

of the air, either air inlet humidity ratio or inlet 

air enthalpy should be kept lower. Therefore the 

performance of the dehumidiier can be increased by 

decreasing in any of the above parameters because by 

decreasing air humidity ratio load of removing water 

vapor from inlet air is decreased. Similarly when inlet 

enthalpy is decreased then amount of heat handled 

by the dehumidiier is decreased, thus as a result its 

performance increases.
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   Figure 6.    Efects of air inlet humidity ratio

           on air outlet temperatures

Fig.7 shows the efect of ratio of air mass low rate to 

desiccant mass low rate on the outlet concentration 

of desiccant by varying the air inlet humidity ratio. 

At constant air humidity ratio outlet concentration 

of the desiccant decreases as ratio of mass low rate 

increases similarly when there is an increment in the 

air inlet humidity ratio outlet desiccant concentration 

further decreases. Thus, it shows that to obtain a higher 

outlet desiccant concentration, air inlet humidity ratio 

and ratio of air mass low rate to desiccant mass low 

rate should be decreased. As a result, performance of 

the dehumidiier is increased by decreasing in any of 

two parameters because by decreasing air humidity 

ratio load of removing water vapor from inlet air is 

decreased. In the same way when the ratio of mass 

low rate should be decreased then the burden of 

inlet air handled by the dehumidiier is decreased, 

hence it is easy for the dehumidiier to control the less 

amount of air. 

   Figure 7.     Efects of ratio of air mass low

           rate to desiccant mass low rate on 

           outlet desiccant concentration

The moisture eiciency of the dehumidiier shows the 

decrement in the amount of water vapors carried by 

fresh incoming air. Fig.8 indicates that the moisture 

eiciency at constant number of transfer unit (NTU) 

decreases when thermal capacity ratio air to desiccant 

increases but its value increases by increasing the 

NTU. Thus the performance of the dehumidiier 

increases when thermal capacity ratio decreased 

because chances of carrying hot water vapor by air 

decreases. Similarly by increasing NTU moisture  

eiciency increases because the dehumidiier surface 

area increases, thus chances of evaporation also occur 

frequently.

   Figure 8.   Efects of thermal capacity ratio 

          of air to desiccant on 

          moisture eiciency

Enthalpy eiciency of the dehumidiier shows 

reduction in the amount of air inlet enthalpy. 

Enthalpy eiciency has directly proportional 

relation to the number of transfer unit and inversely 

proportional relation to the thermal capacity ratio of 

air to desiccant as shown in Fig.9.  Thus it also shows 

that moisture eiciency and enthalpy eiciency are 

directly proportional to each other.
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   Figure 9.     Efects of Number of Transfer Unit

           on enthalpy eiciency

COnCLuSIOn

This paper presented the parametric analysis of 

the dehumidiier based on parametric formulation 

of LiCl desiccant solution. Mathematical model, 

developed on the basis of experimental results for the 

performance analysis of the dehumidiier, showed 

0.999 R2 value for its all relations. Analysis results

showed that to obtain low air outlet temperature and 

higher outlet desiccant concentration, inlet humidity 

ratio and air inlet enthalpy must be kept lower. 

Similarly to obtain higher moisture and enthalpy 

eiciency, number of transfer unit kept higher and 

the thermal capacity ratio of air to desiccant must be 

kept as low as possible. 

nOMEnCLAtuRE

cp speciic heat capacity (kJ/kg°C)

l dehumidiier height

L dehumidiier total height (m)

mass low rate (kg/s)

t temperature (°C)

X humidity ratio (g/kg)

Y enthalpy (kJ/kg)

z latent heat of vaporization (kJ/kg)

gREEK SyMBOL

η eiciency (dimensionless)

ξ desiccant concentration

Subscripts

a air

e air in equilibrium with desiccant

m moisture

i in

o            out

h            enthalpy 
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ABStRACt

Although the industrial facilities are equipped with safety design and operated to be safe, clean and proitable, yet 

incidents continue to occur. One of the root causes of many major accidents in the process industries is an uncontrolled 

change of process information. One of the established industrial standards to manage the change is Management 

of Change (MOC) element of Process Safety Management (PSM) 29 CFR 1910.119(l). This paper presents a structured 

technique to manage the MOC that could fulil with PSM CFR 1910.119(l). The technique provides organized strategies  

to manage and track information, documents, recommendations and corrective actions related to MOC.

Keywords -  Management of Change, Process Safety Management, MOC, Process Industries 

IntROduCtIOn 

Several major disasters like Flixborough, Seveso and 

Bhopal which strike the nuclear, petrochemical and 

transport industries have been an eye opener that 

triggers the public concern over the management of 

hazardous activities. Hale and Hovden [1] mentioned 

that the irony of those disasters was that it took place in 

high technology industries which people had believed 

to be appropriately managed by well developed, 

high bureaucratic safety systems. Investigations 

result showed that the root causes implicated more 

than technical or human failures. Turner’s analysis 

[2] of “man-made disasters” also looked beyond the 

technical and human factors to the organizational and 

cultural factors and Jens Rasmussen [3] has pointed 

out that we tend to see, in accident analysis, only what 

are we looking for. Only till up to 1980’s that we had 

not considered poor management of uncontrolled 

changed as a root cause of such accidents.

These major hazardous disasters had provided 

impetus, worldwide for authorities to develop 

legislation and regulations to minimize or eliminate 

the potential of the occurrence of future events. One 

of the established standards that emphasise the above 

issue is Management of Change (MOC) element of 

Process Safety Management (PSM) 29 CFR 1910.119(l).  

This standard specified by Occupational Safety and 

Health Administration (OSHA) in the code of federal 

regulations Chapter 29 section 1910.119  covers 

the requirements for the management of hazard 

associated with the decision on whether to allow a 

change to be made, the necessity of risk control and 

follow up measures. 

OSHA PSM Standard necessitates the development 

and implementation of a program to prevent 

catastrophic accidents in process plant. It relies 

on performance based and therefore is subject to 

ongoing interpretations and clarifications from OSHA 

as well as technical advances in process safety. A PSM 

program is wide-ranging and covered virtually every 

aspect of a company’s operations and it is about 

achieving safety or achieving other objectives (e.g. 

oil & gas, chemical plant, power production) in a safe 

manner.
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However, safety management is not judged entirely by 

its development policies but by practices and positive 

impact. Therefore, when it comes to implementation 

of all the safety elements in an organization, the 

picture becomes fuzzy.  Companies are often unsure 

on what requirement that represent full compliance 

with the regulation. Whilst the need to focus on 

the policy and procedures are important, it is not 

suicient to represent a safety management system 

on its operational realisation. There are growing 

number of approaches or techniques in the safety 

and risk industries yet the safety management is still 

relatively little-understood [1]. 

Most of the techniques apply aim to assess 

organisational systems and determine whether 

the safety management are adequate or not. The 

techniques give only aggregated feedback on 

the adequacy of process safety management and 

usually did not tend to link speciic process safety 

management practices and activities to the process 

of accident causation [4]. Therefore, the objective of 

this study is to proposed systematic system for MOC 

of PSM implementation. 

MEtHOdOLOgy

A. Compliance with MOC of PSM regulation 

Following the PSM standard as shown in Figure 1, the 

irst step in MOC implementation is identifying the 

type of changes that afected the covered process 

whether it is a Replacement in Kind (RiK) or not. RiK is 

a type of change that meets the original speciication 

design [5]. Therefore, other type of changes than RiK 

would follow this framework of MOC based on 29 CFR 

1910.119(l). 

Before the process of MOC could take place, an 

organization or employer should establish and 

implement a written procedure 29 CFR 1910.119(l)

(1). If the information is not available, the employer is 

required to take necessary actions for the development 

of the written MOC. The results from the analysis 

of the written MOC procedure are documented, 

compiled and tracked. It should address the aspects 

of the technical basis for proposed changes, impact 

of change on safety and health, modiication of 

operating procedures and necessary time period for 

change 29 CFR 1910.119(l)(2).  

Before the change is implemented, authorization 

by plant management is needed for the proposed 

change. In addition, the approval is used as a formal 

record as a possible cause if should there be any 

accident occurred. After gaining the approval for 

the proposed change, all parties that are afected 

by the changes are being notiied. Usually the 

afected personnel are notiied via email. Although 

notiication and training are in the same substandard 

of 29 CFR 1910.119(l)(3), the notiication is distinct 

from training. It involves the people who have some 

peripheral involvement with the consequences of 

the change but not to the individual or group that 

afected by it. Whereas for the training, it is only 

applied to the people who are directly afected by the 

changes if training is necessary. 

All the Process Safety Information (PSI) needs to be 

updated and revalidated as stated in 29 CFR 1910.119(l)

(4) once the changes has been approved. The PSI 

documents that usually being updated is the new 

safe operating limits, engineering documentation, 

etc. This part of MOC review could be referred to 

the PSI element of PSM 29 CFR 1910.119(g). The last 

process in the MOC implementation, is updating or 

reviewing the Operating Procedures (OP) under the 

substandard 29 CFR 1910.119(l)(5). This substandard 

can be linked to the training element of PSM 29 CFR 

1910.119(f ). 

B. Using P&ID as a foundation for MOC data management 

In this study, a technique following the node system 

in P&ID has been proposed to manage and track 

information of MOC. The P&ID is divided into several 

nodes. The number of nodes selected depends on 

the design intent and the number of equipment 

within the process plant considered manageable by 

the end users. The implementation of MOC for each 
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node is carried out according to standards as shown 

in Fig. 1. As the information within the node has been 

updated, the personnel can select the next node by 

performing or updating MOC information and the 

process continue until all the P&ID are covered.  

C. MOC Management System (MOC-MS)

Even though the MOC implementation can be 

completed manually, the better results can be 

obtained by using the aid of a computer database 

system.  The amount of time and efort can be 

signiicantly reduced. A prototype database know as 

MOC Management System (MOC-MS) is developed 

based on the framework in Figure 1 using Microsoft 

Oice Access (2010). MOC-MS has the lexibility to 

allow for any changes of MOC information. MOC-MS 

interfaces capture the mandatory requirements by 

MOC to ensure end users provide all necessary MOC 

data for compliance. Any incomplete information can 

easily be identiied for necessary actions by end users. 

The system itself is designed to allow data gathering 

either in softcopy or hardcopy format.

D. Proof of Concept

To verify the implementation of MOC element using 

this technique, a case study was conducted using 

real data from LPG treating unit (LTU) of oil and gas 

reinery Plant X in Malaysia. The unit is used to remove 

hydrogen sulphide (H2S) and reduce mercaptan (R-

SH) content in various LPG blend stock. A sample of 

the conducted MOC using MOC-MS is presented in 

this paper that articulately explains the concept.

   Figure 1.     Framework of Management of 

           Change based on 29 CFR 1910.119(l) 
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CASE Study

For demonstration only one of the conducted 

MOC using MOC-MS is presented in the paper. The 

permanent change in Unit 1A to be discussed is to 

increase the V-1A201 naphtha inlet pipeline schedule 

from 40 schedule to 80 schedules to cater the higher 

expected corrosion rates. Figure 2 shows P&ID of 

the afected area for the said change. The MOC 

requirements’ assessment process for designated 

personnel of Unit 1A is guided by the main interface of 

MOC-MS. If the data is not available, the end users are 

required to establish the missing MOC requirement 

and this is the gaps that needed to be closed in order 

to reduce any potential risk.

A.   MOC Development

Figure 3 shows the ‘MOC Development’ interface of 

MOC-MS. This interface page will provide end users 

the current status of all the requirements of element 

MOC through the checklists of the completeness for 

each sub-standard requirement. Any comments such 

as speciic incomplete information and conditions are 

put in the ‘Remark’ column. From the comments, the 

authorized personnel can take any required actions 

necessary in order to fulil with the MOC requirements. 

In this case, all the MOC requirements are fulilled by 

this plant. End users could refer to each sub standard 

of MOC by clicking on the description in blue color 

where the hyperlink will navigate user to each of the 

sub standard interface pages.

Figure 2.     Parts of P&ID for IA Unit Refinery X
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B.   MOC Written Procedure

Figure 4 shows the interface for ‘MOC Written 

Procedure’ of MOC-MS that requires an organization 

to manage their changes through a developed and 

established written procedure. The written procedures 

have to be reviewed so that the latest or updated 

procedures are kept track by the relevant employees, 

PSM team reference and auditing purpose as refer to 

‘Evidence Location’ column. In this case, the technical 

basis for the proposed change was approved by the 

area manager of Area 1A. In the attachment, the 

user can track the evidence of the completeness by 

opening the Change Approval Form (CAF) numbered 

1A01-00P.

C.   Notification & Training

Derived from sub-standard 29 CFR 1910.119(l)(3), any 

change that is approved and to be implemented 

should be notified to personnel or departments 

affected by the changes. If necessary a specific 

training is needed to train the personnel(s). 

Figure 5 shows the interface for ‘Notification of 

Changes’ of MOC-MS. In this case, the notification 

of change that involves process chemical, process 

technology and process equipment is carried out 

via email. The evidence can be found in ‘Evidence 

Location’ column whereby the location of email is 

recorded. Consequently, outstanding tasks can be 

monitored and completed on time.

Figure 3.     Interface of MOC Development

Figure 4.     Interface of Written Procedure
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Figure 6 shows the ‘Training’ interface of MOC-

MS. It covers the focus group needed for initial or 

refresh training and the area of training which are 

on ‘Operating Procedures’, ‘Specific Safety & Health 

Hazards’, ‘Emergency Operations & Safe Work 

Practices’. The training interface page does comply 

with the training element of PSM 29 CFR 1910.119(g).   

This page also captures the data of training courses 

verification and the evidences on training attended 

by relevant employees. 

Figure 5.    Interface of Changes Notification

Figure 6.    Interface of Training

D.   Update / Review Process Safety Information (PSI) &  

      Operating Procedure (OP)

For the sub standards of 29 CFR 1910.119(l)(4): 

Update or Review Process Safety Information and 

29 CFR 1910.119(l)(5): Update or Review Operating 

Procedures, the requirement of updating records 

or documentation are vital in order to manage and 

implement good MOC. All the information must be 

updated before the change is placed in service. Figure 

7 and 8 show the interface for update and review of 

PSI and OP respectively.

In this case, the MOC data from technical assessment 

(Document No: 1A01-00P) highlighted that the P&ID 

need to be updated by the drafting representative. 

The attachment is the updated P&ID formed. Other PSI 

documentation such as instrument database does not 

require any review.  In addition, Operating Procedure 

is not affected by this change. From the case study, it 

is observed, this approach has incorporated all of the 

positive attributes needed by a good MOC. Proper 

execution of MOC expected that the action item 

identified on the MOC form to be completely and 

sufficiently detailed. This technique also provides end 

users with self-auditing to comply with MOC of PSM 

indirectly. 
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COnCLuSIOn

The present study introduces a useful technique that 

is beneficial for the process industries in applying 

the element of Management of Change (MOC) at a 

process plant. Apart from that, the concept is designed 

to ensure the end users are complying with MOC 

element of PSM 29 CFR 1910.119(l). MOC-MS uses P&ID 

as the foundation for its complete data compilation 

since it is commonly used and it represents the 

detail equipment and auxiliary in process plant. It 

helps the end users to track information, documents, 

recommendation and corrective actions of MOC. The 

system also will assist the end users to manage MOC 

and reduce the gaps in order to comply with MOC 

element of PSM requirements. The conducted case 

studies show that MOC-MS is able to manage MOC. 
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