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Abstract: This study considers the integration of multistage flash (MSF) desalination with hydrate-

based desalination (HBD) precursor to improve MSF performance in terms of distillate production, 

longevity, and operational conditions. This is accomplished by a comprehensive analysis of the rate 

of scale formation, distillate production, and the MSF performance ratio by means of mathematical 

modelling conducted in Simulink software. To calibrate the effectiveness of HBD as precursor to the 

MSF desalination process, two MSF models were created: the once-through (OT) and brine recycle 

(BR) configurations. The MSF models were validated in terms of stagewise distillate production, 

brine temperature, and coolant temperatures with data from the literature, while neglecting the 

non-equilibrium allowance. The operational performance of the proposed integration approach was 

evaluated in terms of the deposition rates of CaCO3, scale thickness, fouling resistance, overall heat 

transfer coefficient, performance ratio, and production ratio. The examination was conducted from 

the perspective of water salinity and stream temperature for the integrated HBD-MSF systems. The 

results show that due to the quality of output water in terms of salinity and temperature, the inte-

gration of HBD and MSF improved the performance of MSF by substantially reducing scale for-

mation rates as well as increasing the production of distillate where the scale formation rates were 

40.6% and 36.3% lower for the hybrid HBD-MSF-OT and HBD-MSF-BR systems, respectively. 

Keywords: hybrid desalination; thermal desalination; gas hydrate; MSF performance;  

scale formation; distillate water production 

 

1. Introduction 

Multistage flash distillation plants produce about 34% of all desalinated water in the 

world [1]. Therefore, the improvement of their longevity and efficiency is a very im-

portant issue so as to maintain the cost of water at an acceptable level. Scale formation 

from the precipitation of salts from saline water at heightened temperatures is a universal 

issue for all major thermal desalination processes around the globe and especially in ther-

mal desalination processes, such as MSF and multi-effect desalination (MED), which op-

erate at higher temperatures. Depending upon the pH requirements for scale formation, 

scales are often classified as alkaline and non-alkaline scales [2]. The most common forms 

of alkaline scale consist of CaCO3 and Mg (OH)2. Calcium carbonate-based scale formation 

is considered to be the most common type of scale that occurs at temperatures as low as 
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45 °C, whereas magnesium hydroxide-based scale formation occurs at temperatures 

above 75 °C, which is commonly found in MSF desalination systems that can operate at 

maximum brine temperatures above 108 °C [3–5]. Amongst the non-alkaline forms, the 

CaSO4 scale has been found to be most common. Like Mg (OH)2, CaSO4 requires temper-

atures as high as 75 °C to form. As explained by Al-Sofi [2], the precipitation of CaSO4 in 

any form in MSF plants has been observed only when the plant operates at a temperature 

above 120 °C. 

On the other hand, the trigger for the formation of alkaline scale, e.g., CaCO3, is the 

lower solubility of salts as well as the accelerated decomposition hydrolysis of seawater 

bicarbonate ions in solutions at higher temperatures. Consequently, the control of pH 

would be important in suppressing alkaline scale formation where it was suggested that, 

by adding inorganic strong acids such as sulfuric acid into seawater, the bicarbonate ions 

can be depleted [5]. In the same way, various chemical and physical solutions were ap-

plied in order to address the problem of MSF scale formation [6]. In addition, various 

commercial anti-scalants derived from condensed polyelectrolytes, polyphosphates, and 

organ phosphonates are also widely used in industry [7]. The chemical prevention of scale 

formation techniques is often associated with challenges such as improper dosage, unsus-

tainability, and instability. Hence, numerous alternatives have been proposed and are in 

use, such as mechanical cleaning either offline (brushing) or online (using balls) or by 

employing water flushing or hosing or controlled mechanical vibration [8–11]. However, 

these cleaning methods are labour-intensive [12], and other alternatives involve pre-treat-

ment processes. The present study focusses on how pre-treated water from a hydrate-

based desalination process could improve multistage flash desalination by improving the 

operational conditions such as temperature and water salinity. It is worth mentioning 

that, due to the pre-treatment of feed brine in this study, the system operates at tempera-

tures lower than the 90 °C top brine temperature, and hence, only CaCO3 scale formation 

is assumed to occur. 

2. Methodology 

The current study focuses exclusively on the performance of MSF with the feed being 

either seawater (MSF only system) or the pre-treated water through hydrate-based desal-

ination (HBD-MSF hybrid system). To analyse the performance of the HBD-MSF hybrid 

process, a mathematical model was developed in Simulink software. For that purpose, 

two basic steady-state MSF models were created representing once-through (OT) and 

brine recycle (BR) configurations. These models were created using the configurations 

presented in the modelling studies of Rosso [13] and Ali and Kairouani [14] and validated. 

Scale formation then was introduced to the validated model. The results of the model were 

analysed and compared in the two MSF processes mentioned above before introducing 

HBD into the process. To model the HBD-MSF process, it is assumed that the water inlet 

of the MSF model is partially desalinated due to undergoing the hydrate process before 

arriving at the MSF plant. Consequently, the inlet water would consist of lower levels of 

salts at a lower temperature. The impact of using partially treated water with 74.5% less 

salinity resulted from the hydrate process on the total performance of MSF desalination 

was investigated through simulation and comparison of the results with the two original 

MSF models in this study. The salt removal efficiency was measured through water con-

ductivity tests upon the dissociated hydrate slurry, where hydrates were generated using 

an apparatus explained in a study by Thoutam et al. [15]. Details of the modelling are 

described next. 
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2.1. Multistage Flash Modelling  

The following assumptions were made in modelling the MSF desalination column 

illustrated in Figure 1: 

1. Heat losses are negligible apart from the condenser tubes. 

2. The distillate produced from the MSF desalination is free of salt.  

3. Heat from mixing is negligible. 

4. Salinity changes in the coolant flowing in the condenser tubes are negligible 

5.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. System configurations: (a) MSF-OT and (b) MSF-BR. These configurations represent MSF 

(OT and BR) with direct seawater input without any pre-treatment with a salinity of 35 mg/g as well 

as with pre-treated water from HBD input with a salinity of 8.925 mg/g. The change in temperature 

for each stage (stage 1 to stage 16 for this study) is given in Figures 2 and 3. 
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Figure 2. Comparison of stagewise brine temperature from the present work and the temperature 

profiles produced from suggested model by Russo, et al. [13]. 

 
Figure 3. Comparison of coolant temperature profiles of the current study with the temperature 

profiles produced from the model developed by Russo, et al. [13]. 

The entire set of modelling equations are a collection of mass and heat transfer equa-

tions that are given as follows: 
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2.1.1. Applied Equations within the Stages  

The mass, salt, and energy balances within the flash chamber are given in Equations 

(1)–(3), respectively: 

𝐵𝑖−1 =  𝐵𝑖 + 𝐷𝑖  (1) 

𝑋𝑏𝑖−1𝐵𝑖−1 = 𝑋𝑏𝑖𝐵𝑖  (2) 

𝐷𝑖𝜆𝑣𝑖 = 𝐵𝑖−1𝐶𝑝𝑏𝑖−1(𝑇𝑏𝑖−1 − 𝑇𝑏𝑖) (3) 

The vapour temperature above the demister does not stay constant since the vapour 

loses a fraction of heat while passing through it, the correlation for which has been pro-

vided by Rosso [13] as: 

𝑇𝑑𝑖 = 𝑇𝑣𝑖 −
𝑒𝑥𝑝  (1.885 − 0.02063𝑇𝑣𝑖) 

1.8
 (4) 

The temperature of vapour before passing through the demister would be equal to 

the brine temperature (Tbi) leaving the stage. The operational pressure (mmHg) of each 

stage was calculated from the Antoine Equation presented below [16]: 

𝑙𝑜𝑔10𝑃 = 𝐴 −  
𝐵

(𝑇 + 𝐶)
 (5) 

where temperature T is in Celsius, and the values of A, B, and C are 8.07131, 1730.63, and 

133.426, respectively.  

2.1.2. Applied Equations within the Condensers 

The heat transfer between the coolant within the condenser and the vapour in the 

heat recovery section is given in Equation (6): 

(𝑀𝑅 + 𝑀𝑓)𝐶𝑝𝑓𝑖(𝑇𝑓𝑖 − 𝑇𝑓𝑖+1) = 𝑈𝑐𝑖𝐴𝑐(𝐿𝑀𝑇𝐷)𝑐𝑖  (6) 

The values of Log mean temperature difference in Co (LMTD) were calculated from 

Equation (7): 

(𝐿𝑀𝑇𝐷)𝑐𝑖 = (𝑇𝑓𝑗 − 𝑇𝑓𝑗+1)/𝑙𝑛 ([
𝑇𝑑𝑗 − 𝑇𝑓𝑗+1

𝑇𝑑𝑗 − 𝑇𝑓𝑗

]) (7) 

Equation (8) was derived to calculate the value of Tf, which was obtained by solving 

Equations (6) and (7): 

𝑇𝑓𝑖 = 𝑇𝑑𝑖 − (𝑇𝑑𝑖−𝑇𝑓𝑖+1)𝑒
−(

𝑈𝑐𝐴𝑐

(𝑀𝑅+𝑀𝑓)𝐶𝑝𝑓𝑗
)

 
(8) 

The overall heat transfer coefficient equation was taken from the MSF modelling 

work carried out by Alasfour and Abdulrahim [17] as given in Equation (9): 

1

𝑈𝑐𝑖

= (
𝑑𝑜

𝑑𝑖

)
1

ℎ𝑖𝑛 𝑖

+  (
𝑑𝑜

𝑑𝑖

) 𝑟𝑓𝑖 + (
𝑑𝑜

2𝑘𝑡𝑢𝑏𝑒

) 𝑙𝑛 (
𝑑𝑜

𝑑𝑖

) +  
1

ℎ𝑜𝑢𝑡 𝑖

+ 𝑟𝑓𝑜 (9) 

The parameter hin i can be calculated using the Dittus–Boelter equation [18,19], which 

is provided in Equation (10): 

ℎ𝑖𝑛 𝑖 =  
(3293.5+ 𝑇𝑓𝑖+1(84.24−0.1714𝑇𝑓𝑖+1)− 𝑋𝑖𝑓(8.471+0.1161𝑋𝑖𝑓+0.2716𝑇𝑓𝑖+1)

(
𝑑𝑖

0.017272
)

0.2
(0.656𝑉𝑒𝑙)0.8 (

𝑑𝑖
𝑑0

)

  (10) 

The medium of heat transfer coefficient on the outside of the tubes (hout i) is mainly 

caused by the availability of non-condensable gases (NCGs). In order to maintain the 

model’s simplicity, the contribution of non-condensable gases towards the heat transfer 

coefficient is ignored in this study.  
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The overall energy balance around the condensers in the heat rejection section can be 

calculated using Equation (11): 

 𝐷𝑖𝜆𝑐𝑖 + 𝐶𝑝𝑑𝑖−1(𝑇𝑑𝑖−1 − 𝑇𝑑𝑗) ∑𝑗−1
𝑘=1 𝐷ₖ = (𝑀𝑐𝑤 + 𝑀𝑓)𝐶𝑝𝑓𝑖(𝑇𝑓𝑖 − 𝑇𝑓𝑖+1) (11) 

where the subscript k represents any stage number that is less than the ith stage. The heat 

transfer equation for the condenser tubes in the heat rejection section can be written as 

shown in Equation (12): 

(𝑀𝐶𝑅 + 𝑀𝑓)𝐶𝑝𝑓𝑖(𝑇𝑓𝑖 − 𝑇𝑓𝑖+1) = 𝑈𝑐𝑖𝐴𝑐(𝐿𝑀𝑇𝐷)𝑐𝑖  (12) 

The temperature of the effluent stream from the coolant from stage i in the heat re-

jection section can be calculated from Equation (13): 

𝑇𝑓𝑖 = 𝑇𝑑𝑖 − (𝑇𝑑𝑖−𝑇𝑓𝑖+1)𝑒
−(

𝑈𝑐𝐴𝑐

(𝑀𝐶𝑅+𝑀𝑓)𝐶𝑝𝑓𝑗
)

 
(13) 

The energy balance around the condensation chamber of the heat rejection section is 

given in Equation (14): 

 𝐷𝑖𝜆𝑐𝑖 + 𝐶𝑝𝑑𝑖−1(𝑇𝑑𝑖−1 − 𝑇𝑑𝑗) ∑𝑗−1
𝑘=1 𝐷ₖ = (𝑀𝐶𝑅 + 𝑀𝑓)𝐶𝑝𝑓𝑖(𝑇𝑓𝑖 − 𝑇𝑓𝑖+1) (14) 

2.1.3. Equations within the Brine Heater and Mixers 

The energy balances around the brine heater, the recycled brine, and the seawater 

input, and the recycled coolant and the seawater input are given by Equations (15)–(17), 

respectively: 

𝑀𝑠𝜆𝑠 = (𝑀𝑅 + 𝑀𝑓)𝐶𝑝(𝑇𝑏𝑜 − 𝑇𝑓1) (15) 

(𝑀𝑅 + 𝑀𝑓)𝐶𝑝𝑓𝑛−𝑗𝑇𝑓𝑛−𝑗 =  𝑀𝑅𝐶𝑃𝑏𝑇𝑏𝑛 + 𝑀𝑓𝐶𝑝𝑓𝑛−𝑗𝑇𝑓𝑛−𝑗  (16) 

(𝑀𝐶𝑅 + 𝑀𝑓)𝐶𝑝𝑓𝑛𝑇𝑓𝑛 =  𝑀𝐶𝑅𝐶𝑃𝑏𝑛−𝑗𝑇𝑏𝑛−𝑗 + 𝑀𝑓𝐶𝑝,𝑎𝑚𝑏𝑖𝑒𝑛𝑡𝑇𝑓,𝑎𝑚𝑏𝑖𝑒𝑛𝑡  (17) 

where j is the number of stages in the heat rejection section in stage n.  

2.1.4. Generic Equations 

The seawater’s specific heat at constant pressure (in kJ/kg °C) was calculated using 

Equation (18): 

𝐶𝑃 =  𝐴𝐶𝑝 + 𝐵𝐶𝑝𝑇 + 𝐶𝐶𝑝𝑇2 + 𝐷𝐶𝑝𝑇3) ∗ 10−3 (18) 

where Acp, Bcp, Ccp, and Dcp are dependent upon the water salinity and were calculated from 

Equations (19)–(22), respectively: 

𝐴𝐶𝑝 = 4206.8 − 6.6197𝑋 + 1.228 ∗ 10−2 𝑋2 (19) 

𝐵𝐶𝑝 = −1.1262 + 5.4178 ∗ 10−2𝑋 + 2.2719 ∗ 10−4 𝑋2 (20) 

𝐶𝐶𝑝 = 1.2026 ∗ 10−2 − 5.3566 ∗ 10−4𝑋 + 1.8909 ∗ 10−4 𝑋2 (21) 

𝐷𝐶𝑝 = 6.8777 ∗ 10−7 − 1.517 ∗ 10−6𝑋 + 4.4268 ∗ 10−9 𝑋2 (22) 

The dynamic viscosity (kg/m.s) of seawater can be calculated from Equations (23)–

(27): 

𝜇 = 𝜇𝑤𝜇𝑅 ∗ 10−3 (23) 

𝐿𝑛 (𝜇𝑤) = −3.79418 +  
604.129

(139.18 + 𝑇)
 (24) 
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𝜇𝑅 = 1 +  𝐴𝜇𝑅𝑋 + 𝐵𝜇𝑅𝑋2 (25) 

𝐴𝜇𝑅 = 1.474 ∗  10−3 + 1.5 ∗  10−5𝑇 −  3.927 ∗  10−8𝑇2 (26) 

𝐵𝜇𝑅 = 1.0734 ∗  10−5 − 8.5 ∗  10−8𝑇 +  2.23 ∗  10−10𝑇2 (27) 

The temperature-dependent latent heat of vaporisation is given in Equation (28): 

𝜆 = 2051.89714 − 2.407064037 𝑇 + 1.192217 ∗ 10−3𝑇2 (28) 

2.2. Mechanism of Scale Formation 

The scale formation mechanism was taken from the studies performed by El Din et 

al., [20]. As the entering seawater temperature rises, various chemical reactions occur. The 

reacting ions, such as Ca+2, Mg+2, OH-, CO3−2, and HCO3-, would be diffused from the bulk 

liquid to the heat transfer surface under the scale-forming conditions triggering a series 

of reactions before the production of scale-forming substrates (CaCO3, Mg(OH)2, and 

CaSO4) and its deposition onto the surface. The foremost reaction would be the generation 

of carbonates and CO2 from bicarbonates as shown in the Equation (29).  

2𝐻𝐶𝑂3
− ⇌ 𝐶𝑂2 ↑  + 𝐶𝑂3

−2 + 𝐻2𝑂 (29) 

According to [21], the above reaction occurs in two steps as expressed in Equations 

(30) and (31). The first step consists of liberation of CO2 from the dissociation of bicar-

bonates, which is followed by acid neutralisation producing carbonates: 

𝐻𝐶𝑂3
− ⇌ 𝐶𝑂2 ↑ +𝑂𝐻− (30) 

𝑂𝐻−  + 𝐻𝐶𝑂3
− → 𝐶𝑂3

−2 + 𝐻2𝑂 (31) 

The generated carbonate ions would react with calcium ions to produce calcium car-

bonate, which would deposit when its solubility is lowered under the operational condi-

tions. 

𝐶𝑎+2 + 𝐶𝑂3
−2 → 𝐶𝑎𝐶𝑂3 ↓ (32) 

Finally, the following equation presents the precipitation of CaCO3 known as alkaline 

scale formation.  

2𝐻𝐶𝑂3
− + 𝐶𝑎+2 → 𝐶𝑎𝐶𝑂3 ↓ +𝐶𝑂2 ↑ +𝐻2𝑂 (33) 

2.2.1. Model for Scale Formation 

During the modelling of scale formation, the following assumptions were made 

[20,21]. 

I. Lumped distribution of scale formation along the condenser tubes. 

II. Any pressure drop between the inlet and outlets of the tubes was neglected.  

III. Fluctuations in velocity due to the narrowing of the tube’s cross-sectional area after 

scale formation was neglected. 

IV. The heat flux along the walls of tube bundles was neglected. 

V. All the ions are transported from the bulk to the heat transfer wall. 

2.2.2. Calculation of Scale Deposition Rate 

The net scale formation is the result of both the deposition of scale formation sub-

stances under suitable operational conditions and the removal of scale resulting from the 

turbulence associated with the velocity of the stream. The final scale deposition is calcu-

lated using Equation (34): 
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𝑑𝑚𝑓

𝑑𝑡
=  𝑚𝑑 − 𝑚𝑟 (34) 

In the mass deposition process through ion diffusion and/or surface reactions, the 

diffusion of ions from the bulk to the heat transfer surface (the condenser tube’s surface) 

is the first step of progressive scale formation [22] and is calculated using Equation (35): 

𝑑𝑚𝑑

𝑑𝑡
=  𝑘𝐷 (𝐶𝑏− 𝐶𝑖) (35) 

The second step represents deposition, where the accumulation of these transported 

species occurs by means of the concentration difference driving force, which is determined 

by Equation (36): 

𝑑𝑚𝑑  

𝑑𝑡
= 𝑘𝑟(𝐶𝑖 − 𝐶𝑠)𝑛 (36) 

In the CaCO3 scale formation process, the reaction is a second-order reaction [23] due 

to the involvement of Ca+2 and CO3−2 ions. It is difficult to calculate the ion concentration 

at the heat exchanger surface, and thereforem it is assumed that all of the ions are trans-

ported from the bulk to the heat exchanger surface. This means that the reaction step is 

the controlling factor in the scale formation process. It is evident that the scale formation 

process is controlled by the diffusion step only at lower stream velocities, while at higher 

velocities, the reaction step governs the kinetics of scale formation [24–27]. The reaction 

step’s control over CaCO3 scale formation was observed and confirmed by Augustin and 

Bohnet [28] and Paakkonen et al. [29], respectively. In considering a controlled mechanism 

for scale formation, Equation (36) can be used to calculate the rate of scale formation tak-

ing appropriate conditions as well as the ion concentrations into account. As described by 

Hasson, et al. [30], the concentration driving force that must be used in Equation (3) is 

defined as the difference between the concentration of calcium and carbonate ions and the 

solubility product of CaCO3. When the CaCO3 formation reaction order is assumed to be 

a second-order reaction, following the findings of Hasson et. al. [22], Equation (36) would 

evolve into Equation (37):  

𝑑𝑚𝑑  

𝑑𝑡
= 𝑘𝑟([𝐶𝑎][𝐶𝑂3] − 𝑘𝑠𝑝)2 (37) 

By adjusting Equations (35) and (36), Bohnet [31] derived an equation to calculate the 

rate of scale deposition in the case of CaSO4 that would take into account the contribution 

of both diffusion as well as reaction, in addition to eliminating the unknown parameter of 

interfacial ion concentration Ci. Using the method proposed by Bohnet [31], Helalizadeh, 

et al. [32], and Pääkkönen, et al. [33] calculated the rate of CaCO3 precipitation using Equa-

tion (38). As the current study takes a modified version of Equation (38), it must be un-

derstood that the contribution of both diffusion as well as reaction are acknowledged in 

the calculation of scale formation.  

𝑑𝑚𝑑

𝑑𝑡
=  𝛽 [

1

2
(

𝛽

𝑘𝑟

) + (𝑐𝑏 − 𝑐𝑠) −  √
1

4
(

𝛽

𝑘𝑟

)
2

+ (
𝛽

𝑘𝑟

) (𝑐𝑏 − 𝑐𝑠) ] (38) 

where β is the mass transfer coefficient, which can be calculated using Equation (39):  

𝛽 =  
0.034𝑅𝑒0.875𝑆𝑐0.33𝐷

𝐷ℎ

 (39) 

The values of the coefficient of diffusion for systems containing calcium and car-

bonate can be taken from the work by Segev, et al. [34]. Equations (40) and (41) represent 

the means to calculate the Reynolds and Schmidt numbers, respectively: 
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𝑅𝑒 =  
𝜌𝑤𝑣𝐷ℎ

𝜇𝑤
 (40) 

𝑆𝑐 =  
𝜇𝑤

𝜌𝑤𝐷
 (41) 

Accepting the suggestion made by Paakkonen, et al. [33], flow velocity is added to 

Equation (37). After applying Arrhenius expansion for the reaction rate coefficient, the 

resulting equation would be Equation (42). The reaction rate coefficient and activation 

energy values were taken from the experimental evaluation studies of CaCO3 scale for-

mation conducted by Bohnet [31]. 

𝑑𝑚𝑑  

𝑑𝑡
= 𝑘′

𝑟(𝐶𝑖 − 𝐶𝑠)𝑛
𝜇𝑤

𝜌𝑤𝑉2
=  (𝑘′

0
𝑒

−𝐸𝑎
𝑅𝑇𝑠 ) (𝐶𝑖 − 𝐶𝑠)2

𝜇𝑤

𝜌𝑤𝑉2
 (42) 

where V represents the friction velocity and can be calculated using Equation (43): 

𝑉 =  √𝑓
𝑣2

2
 (43) 

Even though calcite has lower solubility in water, aragonite contributes more to scale 

formation. From X-ray analysis, Helalizadeh, et al. [32] found that over 99% of CaCO3 

scale formation was contributed by aragonite, and Plummer and Busenberg [35] derived 

a temperature-dependent equation to calculate the solubility product of aragonite. How-

ever, taking into account fluctuations in temperature, pressure, and salinity in water, a 

more advanced version of the solubility product equation was derived by Al-Aneziand& 

Hilal [21], where the activity coefficient of water was considered, which is provided in 

Equation (44): 

𝐾𝑠𝑝 =  
𝐾𝑠𝑝

0

𝛾𝐶𝑎𝛾𝐶𝑂3

 (44) 

Meanwhile, the Plummer and Busenberg [35] equation could be used to calculate the 

value of Ksp0, which is given as Equation (45):  

𝐿𝑜𝑔(𝐾𝑠𝑝
0 ) = [−171.9773 − 0.077993𝑇𝑠 +

2903.293

𝑇𝑠
+ 71.595 𝑙𝑜𝑔  (𝑇𝑠) ] (45) 

WATEQ–Debye–Huckel’s equation has been used to calculate the activity coefficient 

of an ion ‘a’, as in Equation (46) [21]. 

𝐿𝑜𝑔(𝛾𝑎) =  −𝐴𝐷𝐻𝑍𝑎
2 √𝐼

1 + 𝐵𝑎𝑎√𝐼
+  𝑏𝑎𝐼 (46) 

To calculate I, Equation (47) can be used: 

 𝐼 = 0.5 ∑ 𝑧𝑖
2𝑚𝑖 (47) 

2.2.3. Calculation of Scale Removal Rate 

Along with the mass deposition of the scale formation components, which reduce the 

tube’s cross-sectional area and block the flow as well as decreasing the heat transfer rates, 

the velocity of the liquid flowing inside the tubes creates shear stress upon the scale. Un-

der conditions of high turbulence in the tube, this shear stress would lead to some removal 

of scale deposits. Bohnet [31] developed Equation (48) to calculate the scale removal rate, 

which is proportional to the shear stress of the flow while being inversely proportional to 

the layer’s shear strength:  
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𝑑𝑚𝑟

𝑑𝑡
=  𝑘𝑟𝑒𝑚

𝜏𝑓

𝜎𝑓
𝜌𝑓 (

𝜇𝑤𝑔

𝜌𝑤
 )

0.33

 (48) 

Equation (49) is also provided by Bohnet [31] to calculate the shear strength: 

𝜎𝑓 = 𝐾.
𝑃𝑓

𝑁𝑥𝑓(1 + 𝛿𝛥𝑇)𝑑𝑝
 (49) 

Equation (50) is the result of substituting Equation (49) in Equation (48): 

𝑑𝑚𝑟

𝑑𝑡
=  

𝑘𝑟𝑒𝑚

𝑘

𝑁𝑥𝑓(1 + 𝛿𝛥𝑇)𝑑𝑝 𝑇𝑓

𝜎𝑓
𝜌𝑓 (

𝜇𝑤𝑔

𝜌𝑤
 )

0.33

 (50) 

In order to calculate the term (k. Pf/ krem. N), Krause [36] suggested Equation (51), 

which was applied by Brahim et al. [23] in their scale formation calculations: 

𝑘 𝑃

𝑘𝑟𝑒𝑚𝑁
= 83.2 𝑣0.54 (51) 

When Equation (51) is substituted in Equation (50), it results in Equation (52): 

𝑑𝑚𝑟

𝑑𝑡
=  

𝑥𝑓(1 + 𝛿𝛥𝑇)𝑑𝑝 𝑇𝑓

83.2 𝑣0.54
𝜌𝑓 (

𝜇𝑤𝑔

𝜌𝑤
 )

0.33

 (52) 

2.2.4. Calculation of Fouling Resistance 

In this paper, fouling has been used as the synonym of scale formation especially for 

the equations calculating the heat resistance contributed by aragonite deposition within 

the condenser tubes. As the generic process of fouling encompasses the deposition of pol-

lutants, for membrane process, fouling occurs through the deposition of particulate mat-

ters, colloids, organic and inorganic matter, and microorganisms, while in heat exchanger 

tubes, such as condensers in MSF, fouling occurs through the deposition of carbonates, 

hydroxides, and sulphates of Ca+2 and Mg+2 [2]. Therefore, in the context of heat exchang-

ers in thermal desalination, as the main contributor of fouling is scale formation, it is very 

conventional to use fouling addressing the effects of scale formation. There are numerous 

such studies upon thermal desalination and heat exchanger tubes that conventionally 

used fouling and scale formation interchangeably [2,6,9].  

The rate of mass deposition of the scale-forming substances in Equation (34) can be 

written as the product of rate of change in the fouling layer thickness (xf) and the density 

of the fouling layer, as shown in Equation (53): 

𝑑𝑚𝑓

𝑑𝑡
=  𝜌𝑓

𝑑𝑥𝑓

𝑑𝑡
 (53) 

This rate of change in the fouling layer thickness, combined with the conductivity of 

the fouling layer, is used to calculate the rate of change in the thermal resistance as in 

Equation (54): 

𝑑𝑅𝑓

𝑑𝑡
=  

1

𝜆𝑓

𝑑𝑥𝑓

𝑑𝑡
 (54) 

A definitive integration of the Equation (54) from the time t = 0 to t would lead to 

Equation (55), considering that the conductivity of the fouling layer is independent of the 

fouling layer’s thickness and time, and the lumped distribution of the scale formation 

along the tube surface is taken into account: 

 ∫
𝑡

𝑡=0
𝑑𝑅𝑓 =    

1

𝜆𝑓
∫

𝑡

𝑡=0
𝑑𝑥𝑓  (55) 

Given zero resistance and zero scale formation at the time t = 0, Equation (55) will be 

transformed into the following Equation (56): 
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𝑅𝑓 =  
𝑥𝑓

𝜆𝑓
 (56) 

Substituting Equation (53) into Equation (56), given zero deposition on and zero re-

moval of the scale formation substance from the heat transfer surface at the time t = 0 and 

with some adjustments including integration, produces Equation (57): 

𝑅𝑓 =  
𝜌𝑓

𝜆𝑓

(𝑚𝑑 − 𝑚𝑟) (57) 

The current work follows the approach proposed by Zhang, et al. [37] to calculate the 

density of the fouling layer. They considered the fouling layer to be porous with porosity 

‘w’, which in this study was 50%. The density equation is presented in Equation (58):  

𝜌𝑓 = 𝑤𝜌𝑤𝑎𝑡𝑒𝑟 + (1 − 𝑤)𝜌𝑠𝑜𝑙𝑖𝑑  (58) 

For the calculation of the thermal conductivity of the fouling layer, the approach pro-

posed by Brahim, et al. [23] is used here. As the fouling layer is immersed in the water 

medium, and it is a porous medium with porosity w, the total value of thermal conduc-

tivity is derived using Equation (59): 

𝜆𝑓 =
𝜆𝑓,1 + 𝜆𝑓,2

2
 (59) 

where λf,1 and λf,2 are calculated from Equations (60) and (61), respectively. 

𝜆𝑓,1 = 𝑤𝜆𝑤𝑎𝑡𝑒𝑟 + (1 − 𝑤)𝜆𝑠𝑜𝑙𝑖𝑑  (60) 

1

𝜆𝑓,2
=

𝑤

𝜆𝑤𝑎𝑡𝑒𝑟
+

(1 − 𝑤)

𝜆𝑠𝑜𝑙𝑖𝑑
 (61) 

Equation (57) has been employed in various studies of the heat transfer process under 

various operational conditions, resulting in different shapes for the rate of scale deposi-

tion. One of the most unconventional profiles cited in the literature is the curve in the 

shape of an ‘S’ for scale deposition [38]. Even though the rate of fouling depends upon 

various factors, such as temperature and the concentration of salts or ions as well as the 

pH of the solution, the S shape was found to be the result of nucleation, which is also 

dependent upon the velocity and concentration of ions [26]. However, the experimental 

observations of Hamed and Al-Otaibi [7] did not indicate S-shaped scale formation kinet-

ics, and instead, the curve was almost straight with negligible nucleation times. One could 

argue that higher velocity conditions might have suppressed the shape into an almost 

straight profile of scale formation kinetics. In support of the observations of Hamed and 

Al-Otaibi [7], the experimental results reported by Brahim, et al. [23] and Zhang, et al. [37] 

provided similar curves while at velocities of approximately 0.2 m/s. In these cases, re-

moval rates did not have a major effect on the shape of the fouling curves. However, even 

though there has been extensive ambiguity regarding fouling curves, it is clear that the 

fouling process varies depending on the MSF configuration as well as the chemical com-

position of the seawater intake along with the operational conditions involved.  

The final effect of scale formation cannot be fully understood without a comparative 

analysis of the extent of heat exchange before and after scale formation in the condenser 

tubes. Hence, Equation (57) was substituted in Equation (9) in order to calculate the over-

all heat transfer coefficient, which was then utilised to calculate the rate of distillate pro-

duction using Equation (11), and then the performance ratio (PR) of the MSF column was 

determined using Equation (62):  

 𝑃𝑅 =  
∑𝑛

𝑖=1 𝐷𝑖

𝑀𝑠
=  

𝐷𝑡𝑜𝑡

𝑀𝑠
 (62) 
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These equations have been used in the present modelling work to calculate all of the 

parameters required. 

3. Results and Discussion 

3.1. MSF Model and Validation 

In order to calibrate the effectiveness of the hybrid desalination, two MSF desalina-

tion designs were initially created with one representing one-through (MSF-OT) while the 

second represented the brine-recycle model (MSF-BR). Since the current study focuses 

upon a comparative analysis of the hybrid and MSF processes in terms of scale formation 

and the overall production of desalinated water, the MSF desalination system created was 

adequately accurate with respect to the study’s objectives. The configurations of the MSF-

OT and BR desalination columns were taken from Russo, et al. [13] and Ali and Kairouani 

[14] and are shown in Table 1. 

Table 1. Overall configuration of the MSF columns. 

# No. Parameter  Value 

1 

No. of columns for OT 16 

In the case of the BR model  

a. Heat rejection section 06 

b. Heat recovery section 13 

2 

Total seawater intake for OT 3340 kg/s 

In the case of the BR model  

a. Total seawater intake  1562 kg/s 

b. Cooling brine recycle 1578 kg/s 

c. Reject cooling brine 203 kg/s 

3 Brine temperature in the flash column 89 °C 

4 Superheated steam temperature 111 °C 

5 Intake seawater salinity 35000 ppm 

6 Intake seawater temperature 37.7 °C 

The results for brine temperature, coolant temperature and the distillate profiles pro-

duced in this study were also compared with those of Russo et al. [13]. These comparisons 

are shown in Figures 2–4.  
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Figure 4. Comparison of distillate profiles calculated from the current study and the model devel-

oped by Russo, et al. [13]. 

The brine temperature profiles of Russo, et al. [13] and the current study showed 

good agreement, with the maximum deviation between these two sets of results being 

0.1%.  

The maximum deviation in coolant temperature in this study compared to that from 

Russo, et al. [13] was found to be 2.08%, whereas the maximum deviation in distillate 

production was 4.5% (<5%). The current study did not consider the contribution of a non-

equilibrium allowance in calculating the temperature of the vapour, which might have 

contributed to the deviations in both the distillate production rate as well as coolant tem-

perature profiles. From these results, it can be concluded that the present model produced 

in Simulink is in agreement with the modelling data produced by Russo, et al. [13]. In 

addition, the performance of the current model has been measured in terms of the perfor-

mance and production ratios. The former was calculated using Equation (62), while the 

production ratio (PDR) was taken as the ratio between the seawater intake and the distil-

late output as shown in Equation (58): 

𝑃𝐷𝑅 =  
𝐷𝑡𝑜𝑡

𝑀𝑓
 (63) 

For the case of MSF-OT, the performance ratio of the system was calculated to be 

9.446, while the production ratio of the system was 0.076. The lower production rates can 

be attributed to the lack of brine recycling, where the total water wastage in the form of 

brine would be higher in the MSF-OT model. These values could be further explained by 

a cross-comparison of MSF-OT with the BR model. Even though there were no heat rejec-

tion and heat recovery sections in the MSF-OT model, the heat transfer area of the final 

three stages, which would have represented the heat rejection section, was maintained at 

a level equal to the heat transfer area of the heat rejection section in MSF-BR. In the brine 

recycle model, the flow rate of recycled brine and the seawater intake were chosen in such 

a way that the initial temperature of the inlet coolant water into the condenser tubes of 

stage 16 would not be affected (see Figure 1a). The same amount of rejected seawater from 

the coolant section after the heat rejection section was substituted for the brine in stage 16 

(Figure 1b), where the inlet coolant temperature decreased to a lower value, thus increas-

ing the distillate flow rate. Hence, the final performance ratio increased slightly to 9.671, 

0

2

4

6

8

10

12

14

16

18

0.00 2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00

D
is

ti
lla

te
 f

lo
w

ra
te

  (
K

g/
s)

Stage number

Rosso

Our results

Russo et al. 

Current work 



Water 2023, 15, 596 14 of 31 
 

 

and the total production of brine was 258.1 kg/s against a distillate production from MSF-

OT of 252.1 kg/s. However, the production ratio of the system was considerably improved 

to a value double that of the MSF-OT column (0.1652).  

3.2. Scale Formation 

The fouling rate profiles will take different shapes under different conditions, and 

the contributory factors for scale formation are pH, temperature, ion concentration, and 

pressure. However, in this study, only the parameters of temperature and saline concen-

tration were considered. Scale formation in the first stage has been explained extensively 

by various authors, while that in the rest of the stages has been mentioned when a com-

parative analysis is required. For example, Figure 5 shows the overall scale formation in 

all of the 16 stages of MSF-OT, while Figure 6 shows that for MSF-BR. From these figures, 

it can be seen that scale formation in MSF-OT and MSF-BR was very different, where the 

initial scale formation varied from 1.88 × 10−6 kg/m2.s to1.48 × 10−6 kg/m2.s. In the MSF-BR 

desalination column for the heat recovery section from stages 1 to 13, the initial scale for-

mation ranged from 2.28 × 10−6 kg/m2.s to 1.89 × 10−6 kg/m2, whereas in the heat rejection 

section in stages 14 to 16, the values varied from 1.55 × 10−6 kg/m2.s to 1.48 × 10−6 kg/m2.s.  

 

Figure 5. Profiles of rates of scale formation amongst the stages in MSF-OT as derived from the 

Simulink model. 
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Figure 6. Profiles of the rates of scale formation amongst the stages in MSF-BR as derived from the 

Simulink model. 

One of the main concerns with the scale formation plots is their profile shapes. Alt-

hough many authors have found the profiles of these rates to fit on almost a straight line 

[7], others have found the profiles to be almost asymptotic [6]. However, it is important 

to understand that there is no universally accepted observation of the profiles of scale 

formation since their shapes are highly dependent upon the configuration of the MSF. 

Evidently, even in the scale formation curves produced by Alsadaie [6], the curvature of 

the profiles decreased at the lower top brine temperature (TBT) conditions. However, the 

extent of scale formation was found to be somewhat higher in this study since the eleva-

tion of scale removal rates due to the narrowing of the tubes was not taken into consider-

ation. Nonetheless, the scale formation results were still comparable to those of Alsadaie 

[6]. 

From the perspective of scale formation, which is highly sensitive to salt concentra-

tion, one of the major differences between MSF-OT and MSF-BR is the heightened salt 

concentrations due to the mixing of brine in the heat recovery section. The effect of salt 

concentration on scale formation can be clearly seen in Figure 6. In addition, the effect of 

temperature on scale formation rates is also shown in these figures to decline from the 

lower stages to the higher stages. It is also seen that the temporal rates of scale formation 

decreased in all of the stages. This reduction is attributed to the increase in removal rates 

(and not to the narrowing of the tubes), and the rate of removal in the first stage of the 

MSF-OT is presented in Figure 7. 
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Figure 7. Temporal scale removal rate in stage 1 of MSF-OT. 

The rates of scale formation were used to calculate the extent of aragonite (CaCO3) 

deposition on the heat transfer surface in the condenser tubes. Similar to the observations 

in studies by Shams El Din, et al. [5,39], aragonite deposition was found in all of the stages 

of the MSF in both the OT and BR columns [5,39,40] 

In both Figures 8 and 9, the profiles of CaCO3 scale deposition follow the same trend. 

As with the observations in Figure 6, there is a visible hiatus in the aragonite temporal 

deposition curves in the MSF-BR desalination column, where a gap can be seen between 

the heat rejection and heat recovery sections. 

 

Figure 8. Profiles of stagewise aragonite deposition on the heat transfer surface of the MSF-OT de-

salination column. 
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Figure 9. Profiles of stagewise aragonite deposition on the heat transfer surface of the MSF-BR de-

salination column. 

As shown in Figure 9, the total aragonite deposition after 21 days (approximately 500 

h) was 3.195 kg/m2, which, if equally distributed amongst the 4300 tubes, would give each 

tube an average deposition of 0.743 g/m2. 

Various interpretations of the relationship between flow velocity and fouling re-

sistance have been reported, although a majority of researchers believe that an increase in 

flow velocity will result in lower fouling resistance [32,33]. It was inferred that the veloc-

ities will support the dominance of diffusion over the reaction upon the mass deposition. 

Generally, these velocities are as low as 0.2 m/s [7], whereas velocities above 1.5 m/s rep-

resent the marginal influence of reaction step in governing fouling resistance [23,37]. 

Hence, the current model considered both diffusion as well as reaction in calculating 

mass deposition and fouling resistance. Stagewise profiles of thermal resistance by scale 

formation (fouling resistance) found in various stages of MSF-OT and MSF-BR are shown 

in Figures 10 and 11. In order to calculate the thermal resistance provided by fouling, in-

formation on the density as well as thermal conductivity of the materials was needed. 

Since the systems were operating under low TBT conditions, considering pure aragonite 

scale formation, these values were taken from [41] and [42], respectively. While calculat-

ing these values, the fouling layer was assumed to be porous at a value of porosity con-

sidered to be 10% with voids filled with water.  
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Figure 10. Stagewise fouling resistance in the formation of aragonite scale in MSF-OT. 

 

Figure 11. Stagewise fouling resistance from the formation of aragonite scale in MSF-BR. 

From Figures 10 and 11, the shapes of the fouling resistance profiles were found to 

be similar to those for the mass deposition of aragonite. In case of MSF-OT, the fouling 

resistance after 21 days resulted in a range of values from 0.35 to 0.44 m2 K/kW, whereas 

the corresponding values varied from 0.35 to 0.53 m2 K/kW in the case of MSF-BR. The 

higher fouling resistance in the first stages of MSF-BR compared to MSF-OT were the re-

sult of higher salinity in the coolant water flowing in the condensers. However, in the final 

three stages, values of fouling resistances recorded in the MSF-BR were similar to those 

for MSF-OT. However, the profiles calculated in this study had values of fouling re-

sistance lower than those in [6]. There are two reasons for this. Firstly, the current study 
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considered only the scale formation from aragonite, and Mg(OH)2 scale formation was 

ignored due to the low TBT operational conditions of the MSF desalination columns con-

sidered; secondly, the low TBT resulted in lower temperatures of the coolant water flow-

ing in the condensers. In addition, design factors, such as coolant flow rate and the num-

ber of tubes in the condenser, could contribute to the velocity of the stream in the conden-

ser tubes, which could then contribute to scale deposition and fouling resistance. As re-

ported by Alsadaie (2017) [6], the flow velocity varied between 1.8 and 2.2 m/s, while the 

flow velocity calculated in the current study varied from 1.6 to 1.7 m/s, which confirms 

that Alsadaie’s design conditions were comparable to those in the current study. From 

these observations, it is concluded that the fouling resistances calculated in this are satis-

factory.  

Using the values of fouling resistance along with the other design and operational 

parameters of the MSF-OT and MSF-BR columns, the overall heat transfer coefficients 

were calculated. There have been numerous studies that relate heat transfer to scale for-

mation, and heat transfer rates have been observed to decreased by as much as 80% due 

to the formation of scale [43–47].  

However, experimental studies conducted by Watkinson and Martinez [43] of heat 

transfer in the presence of CaCO3 scale formation resulted in a reduction in the value of 

the heat transfer coefficient by over 54%. Their design conditions included the velocity of 

the fluid at 1.57 m/s, which is comparable to that in the current study. The stagewise heat-

transfer coefficient profiles are presented in Figures 12 and 13. From these figures, two 

sets of heat transfer profiles were found in both MSF-OT and MSF-BR. This was because 

the design parameters for the desalination columns, such as the inner and outer diameters 

of the tubes and the numbers of tubes in the first 13 and the later 3 stages, were the same 

for the purposes of comparison. From Figures 12 and 13, it can also be seen that the overall 

heat transfer coefficients were lower in the first stages and then increased as the stage 

number increased. Over time, the heat transfer coefficients declined, whereas by the end 

of 21 days, they were found to be almost 55% lower than the initial values.  

 

Figure 12. Stagewise heat transfer coefficients for MSF-OT desalination column. 
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Figure 13. Stagewise heat transfer coefficients for MSF-BR desalination column. 

The rates of change in heat transfer coefficients were found to be higher in the initial 

stages when compared to the later stages, which would be due to the coolant water tem-

perature in the condenser tubes. As with mass deposition and fouling resistance, there is 

a significant gap in the profiles of heat transfer coefficient shown in Figure 13. At the end 

of 21 days, the heat transfer coefficient had declined by 60%, which is similar to the obser-

vations of Watkinson and Martinez [43]. 

From these results, the distillate production rates were calculated. The overall distil-

late production rates under the influence of scale formation, as well as the performance 

ratios of MSF-OT and MSF-BR, are given in Figures 14 and 15. As seen from Figure 14, the 

initial and final distillate production rates were higher in the MSF-OT model, while at the 

end of 21 days, the rates were plunged down to the production values approximately 60% 

lower than the initial values. These lower distillate production rates were caused by both 

the higher salinity in the heat recovery section of MSF-BR as well as the higher inlet water 

temperature in the condenser section.  
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Figure 14. Distillate production rates calculated for both MSF-OT and MSF-BR. 

 

Figure 15. Performance ratios of MSF-OT and MSF-BR in the present study. 

In the case of MSF-BR, the total reduction in distillate production rate after 21 days 

was observed to be approximately 63%, whereas in the case of MSF-OT, it was 59%. Mean-

while, the initial PRs of MSF-OT and MSF-BR were 8.4 and 7.6, respectively, while after 

21 days, their corresponding values were found to be 3.5 and 2.9, respectively. This reduc-

tion in PRs with time can be attributed to the formation of scale, despite the conditions of 

low TBT.  
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3.3. Introduction of HBD into MSF 

In the HBD-MSF system, unlike in conventional MSF distillation columns, the sea-

water is partially desalinated through the hydrate-based desalination process (HBD; in 

the current study, CO2 hydrate). The inlet water of MSF after being partially desalinated 

would consist of lower levels of salts, thus contributing to less scale formation. At the 

same time, the lower inlet temperatures of the coolant, which would require more coolant 

recycling (MR), change the production ratio. The hydrate formation experiments con-

ducted in previous studies [15,48,49] give an overall idea of the hydrate formation condi-

tions and the inlet temperatures of water from hydrate counterparts into the MSF coolant 

section. The rate of hydrate will result into the overall flowrate of hydrate slurry into the 

MSF coolant section. As the CO2 hydrate is highly sensitive to temperature and pressure 

conditions, its dissociation would be more likely during the transport of hydrate from the 

hydrate reactor to the MSF column. In addition, the CO2 hydrates that formed at above 

3.5 MPa and 274 K temperatures were observed to be unstable at ambient conditions, 

causing faster dissociation [50]. To analyse the performance of the hybrid HBD-MSF sys-

tem, the following configuration was assumed for the hydrate formation process: 

(a) The hydrate would form in the unstirred vessel, where the temporal collection of 

hydrate would occur. Therefore, HBD acts as a ’precursor’ thsat could, in turn, serve 

as the process of heat removal for MSF. 

(b) The liquid phase would consist of seawater along with 100 ppm of sodium dodecyl 

sulphate (SDS), which would be removed along with the brine remnant in HBD. 

(c) The hydrate forming guest gas would be a mixture of 95% CO2 and 5% CH4, where 

CH4 is considered to be the less hydrate-forming gaseous impurity. 

The hydrate formation kinetics, yield, and the extrapolated profiles of water-to-hy-

drate conversion when the thermodynamic barrier is eliminated, were studied by 

Thoutam et al., [15] and Thoutam et al., [51]. The performance ratios of the hybrid systems 

were initially evaluated and then compared with those of their respective MSF-only coun-

terparts.  

The profiles of temporal distillate production rates for 21 days of operation are given 

in Figure 16. As shown in this figure, the overall distillate production of HBD-MSF-OT is 

higher than the total distillate water production from MSF-OT due to the lower inlet water 

temperature of the hybrid system. For the MSF-OT system, the inlet water temperature 

was 311.55 K [14,52], while for the HBD-MSF-OT system, it was 274.15 K [15,50]. Due to 

these lower temperature conditions of the inlet water, the resulting initial distillate pro-

duction rate was found to be 311 kg/s, while the corresponding value was 252 kg/s in the 

case of MSF-OT. After 21 days, this value fell to 100 kg/s for MSF-OT, whereas for HBD-

MSF-OT it was 246 kg/s, which was 2.46 times higher than the MSF-OT value.  
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Figure 16. Total distillate production rates for MSF-OT and HBD-MSF-OT systems for the first 21 

days of operation. 

Similarly, as shown in Figure 17, HBD-MSF-OT showed a considerably better perfor-

mance than MSF-OT at the initial stages and after 21 days. The initial PR for the HBD-

MSF-OT system was calculated to be 8.8, while for MSF-OT, the PR was 7.2. This means 

that the effect of inlet water temperature from the dissociated hydrate improved the initial 

performance ratio by a factor of 1.22. Due to scale formation, the performance ratio after 

21 days was found to have fallen to a value of 2.96 for the MSF-OT system. The previous 

experimental studies of HBD-MSF-OT showed a salt removal level of 74.5% [15]; hence, 

the salinity of the inlet water in the case of the HBD-MSF-OT system was 8.925 mg/g 

against a value of 35 mg/g in the inlet stream of MSF-OT. It is worth mentioning that, 

despite the salinity difference of inlet water stream, the amount of water into MSF with 

and without HBD was kept constant at 3340 Kg/s to indicate the dependency of the PR 

and the distillate water production of MSF to water salinity and temperature. The changes 

in temperature for each stage are presented in Figures 2 and 3, which were used for per-

formance evaluation of MSF with and without HBD. 
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Figure 17. Profiles of temporal performance ratio (PR) fluctuations for the first 21 days of operation 

in the MSF-OT and HBD-MSF-OT desalination systems. 

Thanks to the lower salinity values obtained by the HBD process, the final PR of the 

MSF counterpart of the HBD-MSF-OT system was calculated to be 7.025. This value is 2.37 

times higher than the final PR of the MSF-OT system.  

An approach similar to the integration of HBD into MSF-OT was performed for the 

integration of HBD into MS-BR. However, the operation of HBD in MSF-BR differed from 

that of MSF-OT. In the latter, the entire coolant water inlet of the HBD-MSF-OT was pro-

vided by the dissociated hydrate, while in the case of HBD-MSF-BR, the ratio of brine 

recycle and dissociated hydrate intake was maintained in such a way that the inlet coolant 

temperature was maintained at a temperature of 317.25 K [13]. This temperature was cal-

culated considering the ratio of brine recycle to the total brine flow rate in the condensers 

(the recycle ratio), as given in [13], along with the consideration of a seawater temperature 

of 311.55 K as in the case of MSF-OT. The initial brine recycle ratio was 0.503, whereas the 

brine recycle ratio in HBD-MSF-BR was calculated to be 0.936. This means that the re-

quirement of excess water input from outside of the MSF was 7.75 times lower in the case 

of HBD-MSF-BR compared to MSF-BR.  

The overall distillate production rates for HBD-MSF-BR in comparison to MSF-BR, 

as shown in Figure 18, were initially considerably higher, at 1.14 times the production 

rates of MSF-BR. This was due to the low salinity of the inlet water. At the end of 21 days, 

the production rate of distillate had fallen to 84.07 kg/s in the case of MSF-BR. This was a 

reduction of approximately 63% compared to the initial rate. However, due to the lower 

salinity contributing to less scale formation and the higher heat transfer rates in the con-

densers, the final production rates were calculated to be 200.3 kg/s. This is equivalent to a 

reduction in the initial value of approximately 23%.  
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Figure 18. Total distillate production rates for the first 21 days of operation in the MSF-BR and HBD-

MSF-BR desalination systems. 

A similar trend was observed in case of the performance ratio when compared the 

PR of HBD-MSF-BR with MSF-BR models, the profiles of which were shown in the Figure 

19. 

 

Figure 19. Profiles of temporal performance ratio (PR) for the first 21 days of operation in the MSF-

BR and HBD-MSF-BR desalination systems. 

In the case of MSF-BR, the initial PR was observed to be 7.75, whereas in the HBD-

MSF-BR, this value was 1.17 times higher at 9.10. The initial value of PR was mainly af-

fected by the requirement of more steam due to the higher outlet temperature of the cool-

ant stream from stage 1 of MSF-BR. Due to the higher salinity of the inlet water, which 

was further increased by the recycled brine from the last stage of the flash chamber, the 

PR of the MSF-BR fell by 62.6% after 21 days of operation. However, this plunge was cal-

culated to be only 22% in the case of the hybrid system. The HBD-MSF-BR system rec-

orded a final PR of 7.08, which was 2.44 times higher than that of MSF-BR.  

Alongside the performance ratio, the production ratio (PDR) was also calculated for 

desalination systems in order to analyse the water wastage. The PDR is the ratio of the 

distillate produced from the MSF desalination column to the inlet seawater from outside 

of the MSF desalination column. As there was no brine recycling in the MSF-OT and HBD-

MSF-OT systems, the entire amount of water flowing in the condensers serves as the 
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denominator for the production ratio, which will hence be a relatively smaller quantity 

compared to BR models.  

Even though the denominator was same for both the HBD-MSF-OT and MSF-OT 

systems, the production ratios of these systems turned out to be different from each other 

due to the variable rates of distillate production. As seen in Figure 20, total distillate pro-

duction rates were higher in the HBD-MSF-OT system when compared to the MSF-OT 

system, which led to the higher production rates of HBD-MSF-OT in both the initial and 

final phases of the period of 21 days. With a similar approach, Figure 21 shows the profiles 

of the temporal production ratios of the MSF-BR and HBD-MSF-BR systems. As seen from 

this figure, the production ratio of the BR system was considerably higher than that of the 

OT system due to the brine recycling. From Figure 21, much higher production ratios were 

seen in the case of HBD-MSF-BR when compared to MSF-BR. This was due to the higher 

rates of brine recycling needed to attain the same inlet temperature of water into the con-

denser tubes for the energy rejection system of the MSF-BR counterpart.  

 

Figure 20. Profiles of temporal production ratio (PDR) for the first 21 days of operation in the MSF-

OT and HBD-MSF-OT desalination systems. 
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Figure 21. Profiles of temporal production ratio (PDR) for the first 21 days of operation in the MSF-

BR and HBD-MSF-BR desalination systems. 

From the perspective of desalination, the HBD based pre-treatment would improve 

the overall performance of MSF by reducing scale formation, and the lower temperature 

of dissociated hydrate would reduce the freshwater intake needed to maintain the same 

amount of distillate. Based on the current work, the scale formation rates were 40.6% and 

36.3% lower for the hybrid HBD-MSF-OT and HBD-MSF-BR systems, respectively.  

4. Conclusions 

The performance ratios (PRs) and production ratios (PDRs) of the MSF-BR and MSF-

OT systems considered were calculated over time and compared to the values for the hy-

brid HBD-MSF-OT and HBD-MSF-BR systems. The results show that the pre-treatment of 

seawater by HBD had a considerable beneficial influence in improving the performance 

of the MSF system. The simulation results show that the integration of HBD into MSF-BR 

enhanced the PR by 17%, while a value of 22% was recorded for the MSF-OT system.  

The rate of decline of the PR for MSF-OT was calculated to be 62.6% after 21 days of 

operation. However, this value for HBD-MSF-BR was only 22%. The same trend for the 

reduction in the PR was observed for MSF-BR and HBD-MSF-BR, with the corresponding 

reductions in PR for MSF-BR calculated to be 58.8% and 22.5%, respectively. The enhance-

ment of PR for hybrid systems can be attributed to the lower temperature and salinity of 

the outflux from the hybrid system as well as the higher brine recycling ratio. 

Due to the higher quality of the output water from the hybrid system in terms of 

salinity and temperature, the pre-treatment process through the hybrid process improved 

the performance of MSF by lowering scale formation rates considerably in the hybrid 

HBD-MSF-OT and HBD-MSF-BR systems, where the scale formation rates fell by 40.6% 

and 36.3%, respectively. 
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Abbreviations 

β Mass transfer coefficient reaction, m/s 

µ Brine viscosity, kg/m s 

µR Relative viscosity  

µw brine viscosity at wall, kg/m s 

A Heat transfer area, m2 

aa, ba Debye–Huckel parameters specific to ion ‘a’  

Across Tube cross-section area, m2 

ADH, BDH Debye–Huckel constants 

B Brine flowrate, kg/s  

BDH Temperature dependent Debye–Huckel constant  

Cb  Ion concentration in the bulk stream, kg/m3 

Ci  Ion concentration at the liquid–solid boundary layer, kg/m3 

Cp Specific heat at constant pressure, kJ/kg °C 

Cs  Saturation concentration, kg/m3 

D  Diffusion coefficient, m2/s  

Dh  Hydraulic diameter of the tube, m 

Di Distillate flowrate, kg/s 

di Inner diameter of the condenser tube, m 

do  Outer diameter of the condenser tube, m 

Ea Activation energy, kJ 

f Fanning friction factor 

g Gravitational acceleration, m/s2) 

hin  Inside heat transfer coefficient, W/m2.K 

hout Outside heat transfer coefficient, W/m2.K 

kD  Coefficient of mass transfer, m4/s.kg 

kr  Reaction rate constant, m4/s.kg 

krem  Removal rate constant, m3/s.kg 

Ksp  Solubility product, mol2/kg2 

ktube  Thermal conductivity of the tube, kW/m.K 

LMTD Log mean temperature difference, °C 

MCR  Recirculated coolant mass flowrate, kg/s 

Mcw Mass flow rate of colling water, kg/s 

md  Progressive deposition rate, kg/s.m2 

Mf Intake seawater, kg/s 

mf  Net scale deposition, kg/s.m2 

mi  Molality of the dissolved gas, mol/kg  

MR  Flow rates of recycled brine, kg/s 

mr Mass removal rate, kg/s.m2 

N Number of defects in the fouling layer 

P Operational pressure, MPa 

Re  Reynolds number, Equation (43) 
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Rf Thermal resistance, °C/kJ 

rfi  Heat transfer resistance on the inside of the condenser tube, m2.°C/kW 

rfo Heat transfer resistance on the outside of the condenser tube, m2.°C/kW 

Sc  Schmidt number  

Tb Brine temperature 

Tdi  Temperature of vapour after passing through the demisters, K 

Tf  Temperature of the coolant, K 

Ts Surface temperature inside the tubes, K 

Tv Temperature of vapour, K 

U Overall heat transfer coefficient, kW/m2.°C 

Uc Overall heat transfer coefficient, kW/m2 °C 

v Friction velocity, m/s 

Vel  Velocity of the coolant stream flowing inside the condenser tubes, m/s 

X Salt concentration, g/kg  

xi  Mole fraction of dissolved gas in liquid  

xf Layer thickness, m 

Z Compressibility factor 

Zi  Charge number of ion ‘i’ 

Za Ionic charge on the ion ‘a’  

λf Thermal conductivity, kJ/m °C 

λv The latent heat of vapour, kJ/kg 

λc Latent heat of condensation 

ɣi  Activity coefficient 

ρf Density, kg/m3 

σf Shear strength of the fouling layer, N/m2 

δ Linear expansion coefficient, °C^-1 

Τf Surface shear stress, N/m2 

υw  Viscosity of water, kg/m.s  

𝛒w  Density of water, kg/m3 
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