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Abstract

:

A marine condenser with exhausted steam as the working fluid is researched in this paper. Constructal designs of the condenser are numerically conducted based on single and multi-objective optimizations, respectively. In the single objective optimization, there is an optimal dimensionless tube diameter leading to the minimum total pumping power required by the condenser. After constructal optimization, the total pumping power is decreased by 42.3%. In addition, with the increase in mass flow rate of the steam and heat transfer area and the decrease in total heat transfer rate, the minimum total pumping power required by the condenser decreases. In the multi-objective optimization, the Pareto optimal set of the entropy generation rate and total pumping power is gained. The optimal results gained by three decision methods in the Pareto optimal set and single objective optimizations are compared by the deviation index. The optimal construct gained by the TOPSIS decision method corresponding to the smallest deviation index is recommended in the optimal design of the condenser. These research ideas can also be used to design other heat transfer devices.
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1. Introduction


A shell-and-tube heat exchanger (STHE) has the advantages of low cost, easy cleaning, large processing capacity, and reliable operation [1,2]. STHE is commonly used in marine condensers. Some researchers have conducted in-depth research on the STHE. Johnson et al. [3] studied the marine condenser with the goal of minimum total pumping power (TPP), and reduced the TPP by 35% after optimizing the external diameter and length of heat transfer tube (HTT). Patankar and Spalding [4], as well as Prithiviraj and Andrews [5], established the STHE models with a porous medium, and introduced the distributed resistance method to analyze the flow performances at shell side. Guo et al. [6] studied an STHE with different parameters and gained its optimal entropy generation performances under two different conditions. Mirzabeygi and Zhang [7] conducted multi-objective optimization of a surface condenser and obtained its optimal tube diameter, tube thickness, and tube spacing, respectively. Rodrigues et al. [8] proposed a new ecological function objective for evaluating the performance of an STHE and obtained the Pareto optimal solution set considering the new ecological function and total cost objective. Xiao et al. [9] minimized the total annual cost of an STHE network with phase change and reduced the cost of the network by up to 23.7%. Yu et al. [10] proposed a compound STHE with longitudinal vortex generator and pointed out that the rise in height and the attack angle of the generator could improve its overall performance. Sridhar et al. [11] investigated the performance of an STHE with SnO2-water and Ag-water nanofluids based on experimentation and found that thermal conductivity increased by 29% and 39% after adding the two nanoparticles, respectively. Li et al. [12] discussed the STHE arrangement problem for an organic Rankine cycle, and pointed out that the largest difference of the thermo-economic performance was 14.7% for the five considered STHE arrangements. Miansari et al. [13] studied the performance of an STHE with circular fins and pointed out that the circular fin had an obvious effect on the thermal efficiency of the STHE.



Constructal theory was proposed by Bejan [14], inspired from the formation of urban street network. The essence of constructal theory [15,16,17,18,19,20,21,22,23,24,25,26,27,28] can be described as: “For a finite-size flow system to persist in time (to live), its configuration must change in time such that it provides easier and easier access to its currents”. The first engineering application of constructal theory was the heat dissipation of electronic devices [15], and the subsequent application of this theory opened up a new way for the designs and optimizations of various engineering processes and devices, including volume-point problems [29,30,31,32,33], cavities [34,35], heat sinks [25,36,37,38,39], heat sources [40,41], heat storage systems [42,43], energy conversion systems [44,45], civil constructions [46,47], steel structures [48,49], mechanical products [50,51], etc.



The heat exchanger (HE) is also the research object of constructal theory. On the basis of this theory, a group of scholars have carried out performance optimization research on HEs. Varga and Bejan [52] studied the performance of the HEs with fins and smooth surfaces and obtained the same optimal results for the two structures. Bejan [53] optimized the structure of a dendritic HE and gained the maximum heat transfer rate (HTR) density corresponding to the optimal construct of the HE. Da Silva et al. [54,55] and Zimparov et al. [56] further conducted constructal designs of various two-dimensional tree-shaped HEs and compared their performance under different flow patterns and shapes of HEs. Azad and Amipour [57] optimized the structure parameters of the HE with the goal of minimum total cost. They reduced the total cost of the HE by 50% after constructal optimization. Yang et al. [58,59] built a Y-shaped STHE model and evidently reduced the cost of the STHE after constructal optimization compared to that of the initial design. Mirzaei et al. [60] further conducted multi-objective optimization of the Y-shaped STHE model, and increased its thermal efficiency by more than 28%. Manjunath and Kaushik [61] further explored the heat transfer performance of an H-shaped HE and found that the comprehensive performance of the H-shaped HE was superior to that of the traditional HE. Bejan et al. [62] further optimized the construct of a cross-flow HE, obtained the optimal construct with the maximum HTR, and analyzed the influences of the total volume of the HE and the total number of flow channels on the constructal optimization results. Hajabdollahi [63] optimized a plate fin HE with multi-objective and obtained the optimal parameters about the fin and size of the HE. Ariyo and Bello-Ochende [64] optimized a subcooled microchannel HE and obtained the optimal performance of the microchannel better than that with single phase fluid. In addition, by applying constructal theory, the constructs of the regenerators [65,66], underground HEs [67,68], low temperature evaporators [69,70], steam evaporator [71], superheater [72] and economizer [73] of the boiler, biomass boilers [74,75], and steam generators, [76,77,78,79] were optimized, respectively.



Condenser is one of the usual HE types. It has also been optimized by few researchers using constructal design. Bejan et al. [80] optimized the arrangement of the tube bundles with the goal of maximum condensation rate of a condenser and obtained the optimal tube bundle arrangement and optimal condensation performance. Li et al. [81] performed constructal design of grooved condenser wick structures and formulated it as a general “area-to-point” heat conduction problem with disk-shaped structure.



The condenser is an important component of the marine steam power plant. The structure of the marine condenser has an important effect on its performance, which has not been optimized based on constructal theory in open published literatures. Therefore, a marine condenser will be researched in this paper. According to constructal law, in the conditions of fixed total HTR and heat transfer area (HTA), constructal design of the condenser will firstly be conducted with the goal of minimum TPP. The optimal outer diameter (OD) of the HTT will be obtained. The effects of cooling water inlet temperature (CWIT), steam mass flow rate (MFR), total HTA and HTR on constructal optimization results will be analyzed. Then, the multi-objective optimization considering the performances of entropy generation rate (EGR) and TPP will be further conducted, and the Pareto optimal set of the two indexes will be gained. The first novelty of this paper is the adoption of constructal theory in the performance of the marine condenser, which is expected to significantly improve its performance. Another novelty of this paper is the adoption of three decision methods to evaluate the Pareto optimal set gained by NSGA-II, which will choose a reasonable optimal design scheme for the marine condenser to satisfy different design requirements.




2. Model of the Marine Condenser


The simple model of a marine shell-and-tube condenser is shown in Figure 1. The exhausted steam enters from inlet 1 and flows through the outside of the HTT. The steam releases heat to the cooling water (CW), and finally flows out from exit 4. The CW (seawater) enters the HTTs of the condenser from inlet 5, absorbs heat from the steam, and then flows out from outlet 6. Since the heat transfer rates of the steam cooling and supercooling stages are small in the actual condenser, only the isothermal condensation process of the steam is considered in the simplified model. Thus, the working fluid is approximately viewed as the saturated states at inlet 1 and outlet 4. The corresponding T-s diagram is shown in Figure 2. The MFR of the CW and CWIT are     m ˙  c    and    T  c , i n    , respectively. The MFR, condenser pressure, and condensation temperature (CT) of the steam are     m ˙   w f    ,    P s    and    T s   , respectively. The inner diameter, outer diameter, and number of the HTTs are    d  c , i n    ,    d  c , o u t     and  n , respectively. The path numbers at both sides are    N  e , c     and    N  e , w f    , respectively. In the model, the influences of non-condensing gases and other factors are not considered. The heat loss of the condenser to external environment is ignored, thus the heat released by the exhausted steam is totally absorbed by the CW.



2.1. Heat Transfer Calculation in Condenser


2.1.1. Total HTR and Heat Balance Equation


The HTR (heat load) of the condenser is the heat transferred through the HTTs per unit time. The HTR of the condenser is calculated as


   Q c  = K  A c  Δ  T m   



(1)




where  K  is the total heat transfer coefficient (HTC),    A c    is the total HTA, and   Δ  T m    is the logarithmic mean temperature difference (MTD).



The total HTA of the condenser is


   A c  = π  d  c , o u t    l c   n e   



(2)




where    n e    is the number of HTTs.



In the STHE, the temperature difference of the two fluids is not constant along the HTS. Therefore, the logarithmic MTD is introduced [82]


  Δ  T m  =    (   T s  −  T  c , i n    )  −  (   T s  −  T  c , o u t    )    ln    (   T s  −  T  c , i n    )     (   T s  −  T  c , o u t    )       



(3)







The HTR on the steam side is


   Q  c , w f   =   m ˙   w f    r  L H    



(4)




where    r  L H     is the latent heat of the steam.



The HTR on the CW side is


   Q  c , w a t e r   =   m ˙  c   c  p c    (   T  c , o u t   −  T  c , i n    )   



(5)




where    c  p c     is the specific heat capacity.



According to the energy conservation, the following equation should be satisfied


   Q c  =  Q  c , w f   =  Q  c , w a t e r    



(6)








2.1.2. Total HTC


According to the heat transfer principle based on the multilayer wall, the total HTC is [83]


   K c  =  1     d  c , o u t      d  c , i n    α  c , w a t e r     +    d  c , o u t    r  e , i n      d  c , i n     +    d  c , o u t   ln  (     d  c , o u t    /   d  c , i n      )    2  λ  c , w a l l     +  r  e , o u t   +  1   α  c , w f        



(7)




where    d c    is the diameter of the HTT,    r e    is the fouling resistance of the HTT,    λ  c , w a l l     is the thermal conductivity (TC) of the HTT, and    α c    is the convective HTC, respectively.



Generally, the CW flowing in the tube is in a fully developed or turbulent state, therefore, the convective HTC on the inner surface of the HTT can be calculated by the Gnielinski formula [83]


   α  c , w a t e r   =    λ  c , w a t e r      d  c , i n     ⋅      f  c , w a t e r    / 8  ⋅  (    Re   c , w a t e r   − 1000  )    Pr   c , w a t e r     1 + 12.7      f  c , w a t e r    / 8     (    Pr   c , w a t e r       2 / 3    − 1  )     [  1 +    (     d  c , i n      l c   N  e , c      )     2 / 3     ]     (      Pr   c , w a t e r       Pr   c w      )    0.01    



(8)




where     Re   c , w a t e r    ,     Pr   c , w a t e r    ,    λ  c , w a t e r     and    l c    are the Reynolds number, Prandtl number, TC, and length of the HTT, respectively. Furthermore, the resistance coefficient    f  c , w a t e r     of the turbulent flow inside the tube is defined as


   f  c , w a t e r   =    (  1.82 lg   Re   c , w a t e r   − 1.64  )    − 2    



(9)







The condensation HTC at the exhausted steam side is formulated as [83]


   α  c , w f   = 0.729    [    g  r  L H    ρ l 2   λ l 3     ν l   d  c , o u t    (   T s  −  T w   )     ]     1 4     



(10)




where  g ,    r  L H    ,    λ l   ,    ρ l   ,    ν l   ,    T s    and are the gravity acceleration, latent heat of vaporization, liquid film thermal conductivity, liquid film density, kinematic viscosity, steam temperature, and cooling wall temperature, respectively.




2.1.3. Total EGR


Ignoring the EGRs caused by the fluid flow and heat loss, the EGR at the exhausted steam side is


  Δ   S ˙    g , wf    =     m ˙   w f   (  h   wf , in    −  h   wf , out    )    T s     



(11)




where     m ˙   w f     is the MFR of the exhausted steam,    T s    is the condensation temperature, and    h   wf , in      and    h   wf , out      are the inlet and outlet enthalpies of the exhausted steam, respectively.



The EGR for the heat absorbing process in HTTs is


  Δ   S ˙    g , c    =   m ˙  c   c  p c   ln  (   T   c ,  out   /  T   c , in     )   



(12)







Combining Equations (11) and (12), the total EGR of the condenser is


    S ˙  g  = Δ   S ˙    g , wf    + Δ   S ˙    g , c    =     m ˙   w f   (  h   wf , in    −  h   wf , out    )    T s    +   m ˙  c   c  p c   ln  (   T   c ,  out   /  T   c , in     )   



(13)









2.2. Calculations of Pressure Drop (PD) and Required TPP


For the HE, the TPP consumption is related with the PDs of the fluids in the tube and shell sides. Therefore, the PD is one of the important indicators to measure the HE performance.



The PD inside the tube is expressed as [82]


  Δ  p  c , w a t e r   =  N  e , c    (  b  l c   u  c , w a t e r      1.75   + 0.135  u  c , w a t e r      1.5    )  × 9.81  



(14)




where    l c    is the length of tube,    u  c , w a t e r     is the velocity, and  b  is the diameter correction factor.



The PD outside the tube is expressed as [82]


  Δ  p  c , w f   = 0.492 ×   10   − 3      (      m ˙   w f      v  w f        l c   d  c , o u t      n e       )    2.5    



(15)




where    v  w f     is the specific volume of the steam at the working fluid inlet of the condenser. Because the effect of the tube arrangement is not considered, the PD calculated in Equation (15) is an approximate value.



Combing Equations (11) and (12), the TPP required for the condenser is calculated as


   W c  =     m ˙  c  Δ  p  c , w a t e r      η p   ρ  c , w a t e r     +     m ˙   w f   Δ  p  c , w f      η p   ρ  c , w f      



(16)




where    η p    is the pump efficiency.





3. Constructal Design of the Marine Condenser


To study different performances of the marine condenser, constructal designs with single and multi-objective optimizations will be conducted in this section.



3.1. Constructal Design with Single Objective Optimization


The idea of the constructal design method is to find an optimal structure channel for a “flow” under the condition of a fixed structural constraint. Thus, the constructal design of the marine condenser in this paper is conducted by taking the TPP as the optimization objective and the tube diameter as the optimization variable with the constraints of constant heat load (HL)    Q c    and total HTA    A c   . The HTA constraint that reflects the investment cost of the condenser can be achieved by adjusting the length of the HTT when the tube diameter is varied. The TPP should be reduced as far as possible in the constructal design, which provides easier channels for the flows and reduces the operating cost of the condenser. To launch the constructal design of the marine condenser, the initial design parameters are given as:    N  e , w f   = 1  ,    N  e , c   = 1  ,    d c  = 0.016   m  ,    T  c , i n   = 24   °C and    Q c  = 53   MW  . These initial values are selected according to the actual engineering values and are not randomly selected. The dimensionless parameters used in the calculations are defined as:     A ˜  c  =  A c  /  A  c , int    ,     d ˜   c , o u t   =  d  c , o u t   /  d  c , int    ,     m ˜   w f   =   m ˙   w f   /   m ˙   w f , int    ,     m ˜  c  =   m ˙  c  /   m ˙   c , int    ,     Q ˜  c  =  Q c  /  Q  c , int     and     W ˜  c  =  W c  /  W  c , int    , where    A  c , int    ,    d  c , int    ,     m ˙   w f , int    ,     m ˙   c , int    ,    Q  c , int    , and    W  c , int    . These are the initial parameters and corresponding performances of the condenser, respectively.



Figure 3 shows the relationship between the dimensionless TPP     W ˜  c    required by the condenser and the dimensionless tube diameter     d ˜   c , o u t     when    T  c , i n   = 24   °C. From Figure 3, as the dimensionless tube diameter     d ˜   c , o u t     rises, the dimensionless TPP     W ˜  c    sharply diminishes and then slowly rises. There is an optimum     d ˜   c , o u t     (    d ˜   c , o u t , o p t   = 1.49  ) leading to the minimum     W ˜  c    (    W ˜   c , m   = 0.577  ). Compared with     d ˜   c , o u t   = 1.0  , the TPP of the condenser is decreased by 42.3% after constructal optimization, which shows that the flow performance of the condenser can be greatly improved by selecting a suitable OD of the HTT. Moreover, the condensation temperatures (CTs) derived by the theoretical calculation (this paper) and real device (reference [82]) are 60.8 °C and 63.5 °C, respectively. This shows that the difference between them is small, which proves the correctness of the theoretical calculation results to some extent.



Figure 4 shows the influence of the CWIT    T  c , i n     on the relationship between the dimensionless TPP     W ˜  c    of the condenser and dimensionless tube diameter     d ˜   c , o u t    . From Figure 4, one can see that for the same tube diameter     d ˜   c , o u t    , the dimensionless TPP     W ˜  c    of the condenser with the CWIT    T  c , i n   = 22   °C, is lower than those with the other discussed two temperatures. With the rise of CWIT    T  c , i n    , the corresponding     W ˜  c    rises gradually for the same     d ˜   c , o u t    . The reason is that the rise of the CWIT    T  c , i n     reduces the MTD of the condenser. To achieve the design HL of the condenser, the CW flow rate must be increased, and the increase in the flow rate causes the increases of flow resistance and TPP. In addition, the CWIT has little effect on the optimum OD corresponding to the minimum TPP, thus the optimal structure of the condenser can be stably obtained according to its design standards.



Figure 5 shows the influences of the dimensionless MFR     m ˜   w f     on the minimum dimensionless TPP     W ˜   c , m     and optimal dimensionless tube diameter     d ˜   c , o u t , o p t    . Figure 6 shows the influences of the dimensionless MFR     m ˜   w f     on the dimensionless CT     T ˜  s   , outlet temperature     T ˜   c , o u t     and MFR     m ˜  c    of the CW at minimum TPP condition. Figure 5 illustrates that with the increase of     m ˜   w f    ,     W ˜   c , m     decreases gradually,     d ˜   c , o u t , o p t     increases as a whole,     T ˜  s    and     T ˜   c , o u t     increase, and     m ˜  c    decreases. This is because under certain HL, the increase in steam MFR will inevitably lead to the decrease in condensation latent heat of the steam, and eventually the CT increases. When the MTD and HL are constants, the increase in CT will inevitably lead to the increases of average temperature and outlet temperature of the CW, and the MFR of the CW and the corresponding TPP ultimately reduce.



Figure 7, Figure 8, Figure 9 and Figure 10 show the influences of the dimensionless total HTA     A ˜  c    and dimensionless HTR     Q ˜  c    on the     W ˜   c , m    ,     d ˜   c , o u t , o p t    ,     T ˜  s   ,     T ˜   c , o u t    , and     m ˜  c   , respectively. One can find from the figures that the minimum dimensionless TPP     W ˜   c , m     diminishes with the rise of     A ˜  c   , and the optimum dimensionless tube OD     d ˜   c , o u t , o p t     remains unchanged with the rise of     A ˜  c   , which indicates that increasing HTA is beneficial to reduce the TPP required by the condenser. The minimum dimensionless TPP increases sharply with the rise of dimensionless HTR     Q ˜  c   . In addition, with the rise of     Q ˜  c   ,     d ˜   c , o u t , o p t     shows a downward trend. The dimensionless CT     T ˜  s    under the minimum dimensionless TPP condition is less affected by     A ˜  c   , but decreases with the rise of     Q ˜  c   .     T ˜   c , o u t     increases with the rise of     A ˜  c   , and gradually diminishes with the rise of     Q ˜  c   .     m ˜  c    diminishes with the rise of     A ˜  c   , and increases with the rise of     Q ˜  c   . This is because under certain HL, increasing the total HTA means that the MTD between the steam and CW will diminish. When the CT changes little, the outlet temperature of the CW will increase, which ultimately leads to the decreases of the MFR and corresponding TPP. When the steam MFR is unchanged, increasing the HL means that the condensation latent heat of the steam needs to be increased and the CT is diminished correspondingly. Meanwhile, when the HTC and HTA are constants, the MTD will increase. This reduces both the average temperature and outlet temperature of the CW, and ultimately leads to the increases in the MFR and corresponding TPP.




3.2. Constructal Design with Multi-Objective Optimization


In the previous section, the TPP of the condenser is minimized. In effect, the EGR performance is another important index for the condenser. The performances of the EGR and TPP cannot reach the minimum at the same time, thus the multi-objective optimization is conducted in this section.



The flow chart of the multi-objective optimization is shown in Figure 11. From this figure, the dimensionless EGR (    S ˜  g  =   S ˙  g  /   S ˙    g , int     ) and dimensionless TPP (    W ˜  c   ) are taken as the two sub-objectives, and the dimensionless OD (    d ˜   c , o u t    ) is taken as the optimization variable. The range of the optimization variable is set as:   0.8 ≤   d ˜   c , o u t   ≤ 1.8  . The constraints of constant HL (   Q c   ) and total HTA (   A c   ) are considered, and the NSGA-II [84,85,86,87,88,89,90,91,92,93,94,95,96,97,98,99,100,101,102,103,104,105,106] is adopted in the optimization to search the Pareto front. The Pareto optimal set of     S ˜  g    and     W ˜  c    can be gained, and three decision methods can be used to evaluate the Pareto optimal set with the smallest deviation index. Figure 12 further shows the flow chart of the NSGA-II. In the NSGA-II, the population number, mutation probability, and generation number are set as 100, 0.9, and 20, respectively. When the maximum generation number is reached, the Pareto front can be exported.



Figure 13 shows the Pareto optimal set of     S ˜  g    and     W ˜  c    gained by multi-objective optimization. There are 100 points to describe the Pareto optimal set, which is represented by the blue symbol of “*” in Figure 13. From Figure 13, the Pareto optimal set locates between the ideal solution (point C) and nadir solution (point D), which is the compromise between the EGR and TPP under different design requirements. To compare the optimal results of the Pareto optimal set, the decision methods of LINMAP, TOPSIS, and Shannon entropy [84,85,86,87,88,89,90,91,92,93,94,95,96,97,98,99,100,101,102,103,104] are introduced. Table 1 lists the optimization results of the condenser gained by different decision methods and single objective optimizations. Obviously, the EGRs (or TPPs) of the condenser gained by the three decision methods are not smaller than those gained by EGR (or TPP) minimization at point A (or point B). One can further adopt the deviation index    D i    to evaluate the optimization results. It shows that the deviation index of the TOPSIS decision method is the smallest one in Table 1. Therefore, the optimal construct gained by the TOPSIS decision method is recommended in the optimal design of the condenser.





4. Conclusions


Constructal design of a marine condenser is conducted in this paper. The TPP required by the condenser is minimized with fixed total HTR and HTA, and the optimal OD of the HTT is obtained. The multi-objective optimization considering the performances of EGR and TPP is further conducted, and the Pareto optimal set of the two indexes is gained. The results reveal that:




	(1)

	
There is an optimal dimensionless tube diameter     d ˜   c , o u t , o p t   = 1.49   leading to the minimum TPP required by the condenser. Compared with     d ˜   c , o u t   = 1.0  , the TPP of the condenser is reduced by 42.3% after constructal optimization, which greatly improves the fluid flow performance and reduces the operation cost of the condenser. As the steam MFR and HTA increase and the total HTR decreases, the minimum TPP required by the condenser decreases.




	(2)

	
The Pareto optimal set of the     S ˜  g    and     W ˜  c    gained by multi-objective optimization is the compromise between the EGR and TPP under different design requirements. The EGRs (or TPPs) of the condenser gained by the three decision methods are not smaller than that gained by EGR (or TPP) minimization at point A (or point B). The deviation index of the TOPSIS decision method is the smallest one. Therefore, the optimal construct gained by the TOPSIS decision method is recommended in the optimal design of the condenser.









The constructal design method, which is adopted in this paper, can be used as a theoretical instruction for optimal designs of various condensers. The next step is to consider more structure variables, such as the number, spacing, and arrangement of the HTTs, to further improve the performance of the condenser. Furthermore, a more practical non-isothermal condensation model will be established with CFD software. All of these works can make the optimization research of the condenser more meaningful. The research model and optimized results can also be used to guide the modelling and optimization of the whole steam power plant.
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Nomenclature




	
  A  

	
Heat transfer area (m2)

	




	
  b  

	
Diameter correction factor

	




	
  c  

	
Specific heat capacity (KJ/(kg·K))

	




	
  d  

	
Diameter (m)

	




	
  g  

	
Gravity acceleration (m/s2)

	




	
  K  

	
Heat transfer coefficient (W/(m2·k))

	




	
  l  

	
Tube length (m)

	




	
   m ˙   

	
Mass flow rate (kg/s)

	




	
  N  

	
Path number

	




	
  n  

	
Tube number

	




	
   Pr   

	
Prandtl number

	




	
  p  

	
Pressure (Pa)

	




	
  Q  

	
Heat transfer rate (W)

	




	
   Re   

	
Reynolds number

	




	
    r  L H     

	
Latent heat (KJ/kg)

	




	
     S ˙  g    

	
Entropy generation rate (W)

	




	
  T  

	
Temperature (K)

	




	
  u  

	
Velocity (m/s)

	




	
  v  

	
Specific volume (m3/kg)

	




	
    W c    

	
Pumping power (W)

	




	
Greek letters

	




	
    α c    

	
Convective heat transfer coefficient (W/(m2·K))




	
    η p    

	
Pump efficiency




	
    λ  c , w a l l     

	
Thermal conductivity of the tube (W/(m·K))




	
    λ l    

	
Liquid film thermal conductivity (W/(m·K))




	
    ν l    

	
Kinematic viscosity (m2/s)




	
    ρ l    

	
Liquid film density (kg/m3)




	
Subscripts




	
c

	
Cooling water




	
in

	
Inlet




	
int

	
Initial




	
LH

	
Latent heat




	
m

	
Minimum




	
opt

	
Optimal




	
out

	
Outlet




	
p

	
Pump




	
s

	
Steam




	
wf

	
Working fluid




	
Superscripts




	
   ~   

	
Non-dimensionalized




	

	

	

	

	








Abbreviations




	CT
	Condensation temperature



	CW
	Cooling water



	CWIT
	Cooling water inlet temperature



	EGR
	Entropy generation rate



	HE
	Heat exchanger



	HL
	Heat load



	HTA
	Heat transfer area



	HTC
	Heat transfer coefficient



	HTR
	Heat transfer rate



	HTT
	Heat transfer tube



	MFR
	Mass flow rate



	MTD
	Mean temperature difference



	OD
	Outer diameter



	PD
	Pressure drop



	STHE
	Shell-and-tube heat exchanger



	TC
	Thermal conductivity



	TPP
	Total pumping power
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Figure 1. Simple model of a marine ST (1: exhausted steam inlet; 2: heat transfer tubes; 3: tube sheet; 4: condensed steam outlet; 5: cooling water inlet; 6: cooling water outlet). 
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Figure 2. T-s diagram of heat exchange process in the condenser. 
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Figure 3. Relationship between     W ˜  c    and     d ˜   c , o u t    . 
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Figure 4. Influence of    T  c , i n     on the relationship between     W ˜  c    and     d ˜   c , o u t    . 






Figure 4. Influence of    T  c , i n     on the relationship between     W ˜  c    and     d ˜   c , o u t    .



[image: Energies 14 05545 g004]







[image: Energies 14 05545 g005 550] 





Figure 5. Influences of     m ˜   w f     on the     W ˜   c , m     and     d ˜   c , o u t , o p t    . 
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Figure 6. Influences of     m ˜   w f     on the     T ˜  s   ,     T ˜   c , o u t     and     m ˜  c   . 
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Figure 7. Influences of     A ˜  c    on the     W ˜   c , m     and     d ˜   c , o u t , o p t    . 
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Figure 8. Influences of     A ˜  c    on the     T ˜  s   ,     T ˜   c , o u t     and     m ˜  c   . 
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Figure 9. Influences of     Q ˜  c    on the     W ˜   c , m     and     d ˜   c , o u t , o p t    . 
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Figure 10. Influences of     Q ˜  c    on the     T ˜  s   ,     T ˜   c , o u t     and     m ˜  c   . 
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Figure 11. Flow chart of the multi-objective optimization. 
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Figure 12. Flow chart of the NSGA-II. 
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Figure 13. Pareto optimal front of     S ˜  g    and     W ˜  c    gained by multi-objective optimization. 
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Table 1. Optimization results gained by single and multi-objective optimizations.
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Optimization Methods

	
Optimization Results

	
Deviation Index




	
      d ˜   c , o u t      

	
      S ˜   g      

	
      W ˜   c      

	
      D ˜   i      






	
Multi-objective Optimizations

	
LINMAP

	
1.22

	
1.071

	
0.668

	
0.124




	
TOPSIS

	
1.26

	
1.080

	
0.642

	
0.120




	
Shannon Entropy

	
0.80

	
0.913

	
1.958

	
0.865




	
Single Objective Optimizations

	
     S ˜   g , min     

	
0.80

	
0.913

	
1.958

	
0.865




	
     W ˜   c , min     

	
1.49

	
1.128

	
0.577

	
0.134
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