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Abstract- Comparison of material usage and cost of two types of cross-flow steam condensers is reported in this study which can be 

used for water desalination in conjunction with a parabolic trough solar energy concentrator plant. Traditional shell and tube 

condensers (where steam flows inside the tubes) and surface condensers (where steam flows in the shell and cooling water flows in 

the tubes) are considered in this study. It has been found that the energy production from the PTC of dimensions 4.5 m × 4.8 m with 

an aperture area of 21.6 m2 was 19.4 kW. It has been calculated that the distilled water production capacity of the solar energy 

harnessing system per day is 55.6 l, assuming solar irradiance to be 0.9 kW m-2 and the efficiency of solar energy harnessing system 

as 50% if the sun is available for four hours. The cooling water input temperature was assumed to be 30 °C. The minimum length 

required for a SS 304 tube of Ø 9.5 mm was 7.16 m for the traditional condenser and 1.30 m for the surface condenser. The efficiency 

of the traditional condenser reduced due to the formation of a condensed water layer on the surface of the tube, as it acts as a 

thermal barrier. However, in the surface condenser, efficiency was enhanced due to easy condensation while increasing the system 

pressure. Further, efficiency is enhanced due to density separation of wet vapour by changing the flow direction near the wet sump. 

Fabrication cost and maintenance cost are also found to be less in the surface condenser. As such, it can be concluded that use of 

surface condenser is the most cost effective method, which uses a smaller amount of material making the condenser smaller and 

lighter. 

Keywords- Heat exchanger; Parabolic trough concentrator; Steam condenser; Steam condensing methods; Surface condensation;                               
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I. INTRODUCTION 

With an increase of the population and development of economies, freshwater shortage has become a serious problem in 

the world. The UN water recourses committee is alarmed that the freshwater shortage is going to be a profound social crisis 

after the oil crisis in the world [1]. Seawater desalination is one of the possible approaches to solve the problem of lack of fresh 

water. Desalination might be a more practical way for seawater utilization, because it not only reduces the consumption of 

freshwater, but also generates more freshwater for dry regions. The main seawater desalination methods used are reverse 
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osmosis and multi-effect distillation [1]. At present, the distillation and membrane methods are the two main seawater 

desalination processes. The distillation methods are multi-stage flash, multi-effect distillation, vapour compression and the 

membrane methods, reverse osmosis and electro dialysis. Among these methods, multi-stage flash, multi-effect distillation, 

vapour compression and the reverse osmosis are the more commonly used [2]. In addition, seawater desalination technologies 

include freezing, solar energy, and others [3]. The type of driving energy used determines the type of desalination process that 

can be used. For example, if there is residual thermal energy available, the distillation process can be installed. The reverse 

osmosis method is more suitable with lower electricity price [4]. 

Aside from hydroelectric energy, the other principal resources (solar, wind, geothermal) cover together little more than 1% 

of the energy production worldwide [5]. Owing to the diffuse nature of solar energy, the main problems with the use of solar 

thermal energy in large-scale desalination plants are its relatively low productivity rate, low thermal efficiency and 

considerable land area required. However, since solar desalination plants are characterized by free energy and insignificant 

operation cost, this technology is suitable for small-scale production, especially in remote arid areas and islands, where the 

supply of conventional energy is scarce [6]. 

The data on solar radiation and its components at a given location are essential for studies of solar energy. In other words, 

reasonably accurate knowledge of the availability of solar resources at a given place is required. The average values for the 

hourly, daily and monthly global irradiation are needed for many applications of solar energy designs [7, 8]. Solar energy, 

along with other renewable energy resources, does not deplete in source, but is reliable and environment-friendly. Grid-

connected solar PV continues to be the fastest growing power generation technology, with a 70- percent increase in existing 

world capacity to 13 GW in 2008. Including off-grid applications, total PV existing worldwide in 2008 increased to more than 

16 GW [9]. 

Solar thermal energy is rarely used in large scale water desalination plants since it requires a considerably large land area. 

However, free availability and insignificant operation cost make solar thermal power based desalination plants more suitable 

for small-scale industries especially in remote arid areas and islands where there is no conventional energy supply [10]. Since 

it is suspected that one reason for spreading chronic kidney disease in the north-central province of Sri Lanka is heavy metal 

content in drinking water, solar energy based desalination plants are an ideal alternative for purifying the water taken from 

lakes. 

Among solar thermal technologies, solar ponds and parabolic troughs are the most frequently used for desalination [11]. 

Considering the following two main solar thermal energy harnessing technologies, solar ponds and parabolic troughs, parabolic 

troughs are more effective for water desalination [12]. Linear parabolic trough concentrators focus direct solar radiation on a 

receiver tube. When those plants are used for steam generation, the receiver tube itself can be used as the boiler for generating 

steam. When steam pressure increases in the boiler, steam can be transferred to the condenser automatically. The efficiency of 

this type of plant depends mainly on the performance of the solar energy harnessing system, energy transmission system and 

condenser [13]. This paper compares the efficiency of two types of cross-flow condensers (by interchanging the carriers of heat 

transferring fluids: steam and cooling water) by considering material availability (standard sizes), material cost and 

construction & maintenance easiness. The process block diagram for generation of steam and condensing is given in Figure 1. 

 

Fig. 1 Process block diagram for generation of steam and condensing 

In this research, the use of cross-flow steam condensers for water desalination in conjunction with a parabolic trough 

concentrator was studied. Further, five different tube diameters were tested. 

II. METHODOLOGY 

The thermal energy harnessing capability of the parabolic trough concentrator was calculated using standard models at 9.12 

kW for a parabolic trough solar concentrator of aperture area 21.6 m
2
 having 50% thermal energy harnessing capability. 

Assuming that the inlet water temperature is 40°C (pre-heated), the steam production rate  𝑚̇𝑠 can be calculated as 3.63 g s
-1

. 

Hence, distilled water production from the plant per day is 55.6 l, assuming the solar harnessing system can be operated only 

for 4 hours per day. Assuming that cooling water input and output temperatures are 30 °C and 32 °C respectively, it is required 

to maintain a flow rate (𝑚̇𝑤) of 927 g s
-1

. 
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A. Condenser Type 1 (Traditional Method) 

In this type, steam flows though the tube and cooling water flows through the shell. Then, the surface convection 

dimensionless heat transfer coefficient inside the tube ℎ(𝛼)1

+  can be calculated using the following equation proposed by 

reference [14]. 

 ℎ(𝛼)1

+ =  𝛽1 (
𝑙

𝑑
)

𝑛3

. (𝑅𝑒𝜏)𝑛4  
(1) 

 

where shearing Reynolds number (𝑅𝑒𝜏)can be calculated by using equation 2 and the experimental values of 𝛽1, 𝑛3, 𝑛4 are 

0.3582, -0.1929, 0.0643  respectively [14]. 

 𝑅𝑒𝜏 =  
𝑑. 𝑉𝑠.  𝜌1𝑤

𝜇1𝐿

 (2) 

where  𝑉𝑠  is tail velocity. 

The surface convection heat transfer coefficient inside the tube ℎ𝛼𝑖 can be calculated using equation 3 [14]. 
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(3) 

Convection heat transfer coefficient outside the tube ℎ𝛼0, can be calculated using equation 4 [15]. 

 𝑁𝑢𝐷 =  
ℎ𝛼0𝑑

𝜆
 (4) 

The local Nusselt number 𝑁𝑢𝐷
̅̅ ̅̅ ̅̅  can be calculated using equation 5 [14]. 

 𝑁𝑢𝐷 = 𝐶𝑅𝑒𝑙
𝑚𝑃𝑟

1
3⁄  (5) 

where the Reynolds number 𝑅𝑒𝑙  can be calculated using equation 6 and constants C and m can be selected from the 

engineering design tables in reference [15] by considering the tube shape and Reynolds number. The Prandtl number (Pr), can 

be selected according to the fluid properties [16]. 

 𝑅𝑒𝑙 =  
(𝑑. 𝑉𝑤 . 𝜌𝑤  )

𝜇𝑤

 (6) 

Then the overall heat transfer coefficient U can be calculated as follows [17], 

 
1

𝑈
=  

1

ℎ𝛼0

+  
𝑥

𝜆
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1
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 (7) 

The required minimum length of a tube l to complete the desalination process can be calculated using equation 8 [17, 18]. 

 𝑄̇ =  𝑈𝜋𝑑𝑙(𝑡𝑠 − 𝑡𝑤) (8) 

B. Condenser Type 2 (Surface Condenser Method) 

In this type, cooling water flows though the tube and steam flows through the shell. Then, the surface convection heat 

transfer coefficient inside the tube ℎ𝛼𝑖 can be calculated using following equation proposed by reference [19]. 

 𝑄̇ =  ℎ𝛼𝑖𝐴𝑚∆𝑇𝑙𝑛  (9) 

where ∆𝑇𝑙𝑛 is logarithmic mean temperature difference which can be calculated by equation 10 given bellow [19]. 

 ∆𝑇𝑙𝑛 =  
∆𝑇𝑒 −  ∆𝑇𝑖

𝑙𝑛(∆𝑇𝑒|∆𝑇𝑖)
 (10) 

The temperature differences between fluid and the surface at the inlet and exit can be found as follows [19]. 
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 ∆𝑇𝑖 =  𝑇𝑎 −  𝑇𝑖  (11) 

 ∆𝑇𝑒 =  𝑇𝑎 −  𝑇𝑒 (12) 

where, 𝑇𝑎 is surface temperature and assumed to be 60 °C. 

 

The exit temperature of cooling water (𝑇𝑒) can be determined using equation 13. 

 𝑄̇ = 𝑚̇𝑤𝐶𝑝(𝑇𝑒 − 𝑇𝑖) (13) 

The tube outside convection heat transfer coefficient (ℎ𝛼0) can be calculated at horizontal position by using equation 14. 

 ℎ𝛼0 = 0.729 [
g𝜌𝑤(𝜌𝑤 − 𝜌𝑠)ℎ𝑓𝑔

∗ 𝜆𝑤
3

𝜇𝑤(𝑇𝑠 −  𝑇𝑎)𝑑
]

1
4⁄

 (14) 

 

The modified latent heat of vaporization ℎ𝑓𝑔
∗ , can be calculated using equation 15. 

 ℎ𝑓𝑔
∗ =  ℎ𝑓𝑔 +  0.68 𝐶𝑝𝑤(𝑇𝑠 −  𝑇𝑎) (15) 

Then as in the previous method calculations (Condenser Type 1), the overall heat transfer coefficient U can be calculated as 

follows, [17]  

 
1

𝑈
=  

1

ℎ𝛼0

+ 
𝑥

𝜆
+  

1

ℎ𝛼𝑖

 (16) 

The required minimum length of a tube l to complete the desalination process can be calculated using equation 17 [17]. 

 𝑄̇ =  𝑈𝜋𝑑𝑙(𝑡𝑠 − 𝑡𝑤) (17) 

III. RESULTS AND DISCUSSION 

The models (equation 8 and 17) were evaluated using MATLAB, a mathematical software application, for five different 

tube diameters, and the results are given in Table 1. 

TABLE 1 PIPE LENGTH AND COST REQUIREMENT FOR TYPE 1 (TRADITIONAL CONDENSING METHOD) AND TYPE 2 (SURFACE 

CONDENSING METHOD) 

Tube Diameter 

(mm) 

Tube 

Thickness 

(mm) 

Required Length (m) 
Cost (LKR) 

1 US$ = 136 LKR 

Type 1 Type 2 Type 1 Type 2 

9.5 (3/8 inch) 1.0 7.16 1.30 8234.00 1495.00 

12.5 (1/2 inch) 1.2 6.21 1.10 9936.00 1760.00 

15.9 (5/8 inch) 1.2 5.45 0.90 11445.00 1890.00 

19.0 (3/4 inch) 1.2 5.02 0.75 12299.00 1837.50 

25.4 (1 inch) 1.2 4.47 0.58 14304.00 1856.00 

 

The pipe length and cost comparison are shown on Figure 2 and 3 with respect to the condensing method. 
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Fig. 2 Pipe length comparison for surface and traditional condensing methods 

 

 

Fig. 3 Pipe cost comparison for surface and traditional condensing methods 

According to the Figure 2, the required pipe length is always shorter in the surface condenser compared to the traditional 

one. Hence, the cost is always higher in Figure 3 for the traditional one. It can be clearly seen that in Figure 3, in the surface 

condensing condenser, when the tube diameter is 15.9 mm (5/8 inch) there is a maximum cost, and then it decreases. Use of 

tubes of diameter 9.5 mm (3/8 inch) is the cheapest, and for the water desalination application use of tubes of smaller diameter 

does not affect the maintenance or construction. As such, it can be concluded that use of tubes of 9.5 mm in surface 

condensation mode is the most cost effective method, which uses a smaller amount of material, making the condenser smaller 

and lighter. 

IV. CONCLUSIONS 

Traditional shell and tube condensers as well as surface condensers are considered in this study, and it appears to be 

appropriate to use them in small-scale solar thermal powered desalination plants, especially in remote arid areas and islands. 

The comparison of material usage and cost of two types of cross-flow steam condensers that can be used for water desalination 

in conjunction with a parabolic trough solar energy concentrator type plant (PTC) were studied. The efficiency of the 

traditional condenser is reduced due to the formation of a condensed water layer on the surface of the tube, as it acts as a 

thermal barrier, but in the surface condenser, efficiency is enhanced due to easy condensation while increasing the system 

pressure and density separation of wet vapour by changing the flow direction near the wet sump. Fabrication cost and 
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maintenance cost are also found to be less in the surface condenser. As such, it can be concluded that use of surface condensers 

is the most cost effective method, which uses a smaller amount of material, making the condenser smaller and lighter. 

ACKNOWLEDGMENT 

Financial assistance provided by the University of Colombo (Grant No: - AP/03/2012/CG/13) and University Grant 

Commission (Grant No: - UGC/ICD/RG/02//2012/07) are gratefully acknowledged. 

REFERENCES 

[1] R. Deng, L. Xie, H. Lin, J. Liu and W. Han, “Integration of thermal energy and seawater desalination”, Energy, Vol. 35(11), pp. 4368–

4374, Nov. 2010. 

[2] X. Lixin, L. Pingli and W. Shichang, “A review of Seawater desalination and comparison of desalting Processes”, Chemical Industry 

and Engineering Progress, pp. 1081–1084, Oct. 2003. 

[3] G. congjie and C. Guohua, “Seawater desalination technology and engineering hand book”, China Chemical Industry, 2004, p. 413. 

[4] D. Hoffman, “The application of solar energy for large-scale seawater desalination”, Desalination, 89, pp. 115–184, 1992. 

[5] S. Cesare, Survey of energy resources 2001 — solar energy, World Energy Council, London, UK, 2001. 

[6] M. Naim, A. Mervat and A. El-Kawi, “Non-conventional solar stills. Part 1:Non-conventional solar stills with charcoal particles as 

absorber medium”, Desalination, 153, pp. 55–64, 2003. 

[7] M. Z. Ibrahim, R. Zailan, M. Ismail and A. M. Muzathik, “Pre-feasibility study of hybrid hydrogen based energy systems for coastal 

residential applications”, Energy Research Journal, Vol. 1(1), pp. 12-21, 2010. 

[8] A. M. Muzathik, W. M. N. W. Nik, K. Samo and M. Z. Ibrahim, “Hourly Global Solar Radiation Estimates on a Horizontal Plane”, 

Journal of Physical Science, Vol. 21 (2), 51-66, 2010. 

[9] K. C. Kong, M. B. Mamat, M. Z. Ibrahim and A. M. Muzathik, “New approach on mathematical modelling of photovoltaic solar panel”, 

Applied Mathematical Sciences, Vol. 6 (8), pp. 381-401, 2012. 

[10] A. M. Muzathik, M. Z. Ibrahim, K. B. Samo and B. W. W. Nik, “Assessment and Characterization of Renewable Energy Resources A 

Case Study in Terengganu-Malaysia”, Journal of Sustainability Science and Management, Vol. 7(2), pp. 220-229, 2012. 

[11] B. V. D. Bruggen and V. D. C. Carlo, “Distillation vs. membrane filtration: overview of process evolutions in seawater desalination”, 

Desalination, 143, pp. 207–218, 2002. 

[12] F. B. H. M. Qibl, “Solar thermal desalination technologies”, Desalination, pp. 633-644, 2008. 

[13] S. Kalogiro, “Use of parabolic trough solar energy collectors”, Applied Energy, 60, pp. 65-88, 1998. 

[14] L. Xu, S. Wang, S. Wang and Y. Wang, “Studies on heat-transfer film coefficients inside a horizontal tube in falling film evaporators”, 

Desalination, 166, pp. 215-222, 2004. 

[15] F. Incropera, D. Dewitt, T. L. Bergman and A. Lavine, Fundamentals of Heat and Mass Transfer, 6th ed., John Wiley & Sons, United 

States of America, 2007. 

[16] https://www.irc.wisc.edu/properties/. 

[17] T. Eastop and A. McConkey, Applied Thermodynamics for Engineering Technologists, 5th ed., India: Pearson Education in South Asia, 

1993. 

[18] http://www.kayelaby.npl.co.uk/general_physics/2_3/2_3_7.html. 

[19] A. Yunus, Heat Transfer: A Practical Approach, 2nd ed., India: Tata McGraw-Hill Publishing Company Limited, 2003. 

https://www.irc.wisc.edu/properties/
http://www.kayelaby.npl.co.uk/general_physics/2_3/2_3_7.html

