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The wide application of evaporative cooling techniques in which the optimization criteria form the theoretical basis for improving 
evaporative cooling performance is essential for energy conservation and emission reduction. Based on exergy analysis and the 
entransy dissipation-based thermal resistance method, this contribution aims to investigate the effects of flow and area distribu-
tions in the optimization of the performance of indirect evaporative cooling systems. We first establish the relationships of exergy 
efficiency, entransy dissipation-based thermal resistance and cooling capacity of a typical indirect cooling system. Using the pre-
scribed inlet parameters, the heat and mass transfer coefficients and the circulating water mass flow rate, we then numerically 
validate that when the cooling capacity reaches a maximum, the entransy dissipation-based thermal resistance falls to a minimum 
while the exergy efficiency is not at an extreme value. The result shows that the entransy dissipation-based thermal resistance, not 
the exergy efficiency, characterizes the heat transfer performance of an evaporative cooling system, which provides a more suita-
ble method for evaluating and analyzing the indirect cooling system. 
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Evaporative cooling is a technique in which unsaturated 
moist air is in contact with water, causing liquid water 
evaporation resulting in low temperature water or wind. 
Since the ambient air is clean and low cost, evaporative 
cooling is the focus of wide interest and applications. Many 
scientists have undertaken a large amount of research on 
evaporative cooling systems, mainly on the following three 
aspects: (1) The analysis of the impact factors on the per-
formance of evaporative cooling systems, such as tempera-
ture, humidity and the mass flow rate of moist air [1,2], 
temperature and the mass flow rate of water [3] and direct/ 
indirect evaporative cooling with different structures, such 
as plate types [4,5], tubular types [6,7] and heat pipes [8] etc. 
(2) The design and optimization of evaporative cooling cy-
cles, including two-stage or three-stage combined direct/ 
indirect evaporative cooling [9,10] and combined liquid 

desiccant dehumidification and evaporative cooling [11]. (3) 
The performance analysis and optimization theory of evap-
orative cooling systems, with emphasis on exergy analysis 
[12,13]. In exergy theory, researchers always take exergy 
efficiency as an assessment index to analyze the exergy loss 
distribution of all irreversible processes in the system. This 
involves evaluating the performance of evaporative cooling, 
and seeking effective ways for improving the performance 
of evaporative cooling using the criterion that maximum 
exergy efficiency leads to optimal performance. However, 
the physical essence of exergy efficiency is the degree of 
loss of available energy in the process of some form of en-
ergy transforming to work. It is not certain whether this can 
be extended to represent the irreversibility of any two forms 
of energy so that it is possible to evaluate the transformation 
of chemical energy and thermal energy in an evaporative 
cooling system. In fact, in the optimization of heat ex-
changer groups [14], we have already validated that there is 
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no need to use exergy to analyze heat transfer processes that 
do not involve any thermodynamic cycles. 

Moreover, to analyze and optimize the heat transfer pro-
cess that do not involve any thermodynamic cycles, Guo et 
al. [15] introduced a physical parameter, entransy, to repre-
sent the heat transfer capability of an object or a system, and 
proposed the minimum entransy dissipation-based thermal 
resistance principle for heat transfer optimization. This has 
already been successfully applied to heat transfer processes 
and apparatuses [16–19] including heat conduction, convec-
tive heat transfer, thermal radiation and heat exchangers. 
Chen et al. subsequently extended the entransy theory to 
analyze and optimize the mass transfer process [20] and such 
coupled heat and mass transfer processes as liquid desiccant 
dehumidification [21] and evaporative cooling [22]. Jiang et 
al. [23] and Xie et al. [24] proposed a series of theories and 
methods for optimizing heat and moisture transfer based on 
entransy theory, which already has some applications in 
evaporative cooling systems. 

From simple heat transfer and mass transfer processes, 
we have already demonstrated that minimum entransy dissi-
pation-based thermal resistance leads to optimal heat trans-
fer performance. However, by comparison, in a relatively 
complicated coupled heat and mass transfer process such as 
an evaporative cooling system, we still need to research the 
theory to validate the relationship between the minimum 
entransy dissipation-based thermal resistance and the evap-
orative cooling performance. Thus, aiming at the problems 
of flow and area distributions for two typical indirect evap-
orative cooling systems, this research establishes the inter-
nal relationships of exergy efficiency, entransy dissipation- 
based thermal resistance and the total cooling capacity. Af-
ter comparing these two relationships, we investigate the 
physical essence and difference between these two optimi-
zation criteria in terms of maximum exergy efficiency and 
minimum entransy dissipation-based thermal resistance, and 
finally establish suitable optimization criterion for the eval-
uation and optimization of an evaporative cooling system. 

1  Evaluation criteria for the heat and mass 
transfer performance of evaporative cooling  
systems 

1.1  Physical model of indirect evaporative cooling systems 

Figure 1 is a schematic of a typical indirect evaporative 
cooling system. The moist air enters the air-water direct 
evaporative cooler (2) from the air pre-cooler (1), and 
comes into direct contact with the circulating water. Be-
cause of the water vapor pressure difference between the 
moist air and the saturated water vapor over the circulating 
water surface, the water will evaporate and absorb heat to 
achieve refrigeration. After humidification, the moist air 
will be discharged by the fan (5). Meanwhile, under the 
action of the water circulating pump (6), the cooled water  

 

Figure 1  Schematic of a parallel indirect evaporative cooling system. 

divides into two branches. One flows into the air pre-cooler 
(1), to cool the moist air entering into the air-water direct 
evaporative cooler (2), while the other supplies the two us-
ers with a cold source. The circulating water out of the air 
pre-cooler (1), and the users’ heat exchangers (3) and (4), 
mix together and flow into the direct evaporative cooler (2). 
The whole system provides cooling capacity, which takes 
circulating water as a carrier and makes use of the water 
vapor pressure difference between the moist air and the sat-
urated water vapor on the liquid water surface. The capitals 
A–I, K, O, P, M, W–Z, indicate the state positions in the 
system, where the saturated moist air at the ambient tem-
perature is taken as a benchmark (position O). The whole 
cycle includes three types of irreversible processes: (1) the 
heat transfer process in the air pre-cooler and the user’ heat 
exchangers; (2) the coupled heat and mass transfer process 
in the air-water direct evaporative cooler; (3) the mixing 
process of three circulating water branches. 

In Figure 1, m, T, w, Q, cp and 0 represent mass flow rate, 
temperature, humidity, cooling capacity, pressure specific 
heat and evaporation latent heat, respectively. ksA stands for 
the heat conductance, i.e. the product of the heat transfer 
coefficient ks and the heat transfer area A. kd is the mass 
transfer coefficient. The subscripts 1–4, a, w and wa repre-
sent the air pre-cooler, the air-water direct evaporative 
cooler, the heat exchanger for user 1, the heat exchanger for 
user 2, the moist air, the circulating water and saturated wa-
ter vapor, respectively. 

The energy conservation equation and the heat transfer 
equation for the air pre-cooler are 

    1 , , , , , , , ,w E p w w G w E a A p a a A a BQ m c T T m c T T     (1) 

and 

      
   

, , , ,

1 1
, , , ,ln ln

a A w G a B w E

s

a A w G a B w E

T T T T
Q k A

T T T T

  


  
. (2) 

Similar to the air pre-cooler, the energy conservation 
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equation and heat transfer equation of the users’ heat ex-
changers (3) and (4) are written as 

    3 , , , , , , , ,w H p w w H w I w M p w w M w PQ m c T T m c T T    , (3) 
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    4 , , , , , , , ,w X p w w X w Y w W p w w W w ZQ m c T T m c T T     (5) 

and 
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   

, , , ,

4 4
, , , ,ln ln

w X w W w Y w Z

s

w X w W w Y w Z

T T T T
Q k A

T T T T

  
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. (6) 

For the direct evaporative cooler (2), we need to combine 
the energy conservation equation, the heat transfer equation 
and the mass transfer equation as follows for the numerical 
calculations, because of the coupled heat and mass transfer 

    , ,w K p w w s a w d a wam c dT k T T dA k w w dA    , (7) 

  , ,a B p a a s w am c dT k T T dA  , (8) 

and 

  0 , 0a B a d wa am dw k w w dA   . (9) 

Finally, the mixing process of three circulating water 
branches satisfies the mass and energy conservation equa-
tions 

 , , ,w W w M w Km m m   (10) 

and 

 , , , , , ,w W w W w M w M w K w Km T m T m T  . (11) 

With the prescribed inlet states of moist air and user’s 
cooling water, the circulating water mass flow rate and the 
parameters of each heat exchanger, by simultaneously solv-
ing eqs. (1)–(11) we obtain the parameters of each state 
position in the indirect evaporative cooling system. 

1.2  Exergy analysis for the direct evaporative cooling 
system 

According to the energy conservation of the coupled heat 
and mass transfer process 

    3 4 , , , 0 , ,c a p a a C a A a C a AQ Q Q m c T T w w      , (12) 

i.e. the total heat flow rate by evaporation equals the cooling 
capacity generated by the users’ heat exchangers. 

From the Second Law of Thermodynamics, the heat and 
mass transfer process will lose exergy. For water, there is 
only thermal exergy, while for moist air, because of its two 
independent parameters, its exergy is the sum of the thermal 

and moisture exergies. For the indirect evaporative cooling 
system shown in Figure 1, we can then calculate the exergy 
loss in the system from the difference between the inlet and 
outlet exergies. Simultaneously, taking the gas loss of the 
outlet moist air into consideration, the total exergy loss of 
the system is 

 , , , , , , , , , , , ,x x q H x q I x q X x q Y x q A x d AE E E E E E E       , (13) 

where the thermal exergy is 
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 (14) 

and the moisture exergy is 
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where Ex,q,i, Ex,d,i and wa,i represent the thermal exergy, the 
moisture exergy and the humidity of state position i, respec-
tively. Ra is the gas constant. T0 and w0 stand for the temper-
ature and humidity of state position O, the exergy value of 
which appears to be zero. Then, the exergy efficiency 
standing for the available system energy is 
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E
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
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 

, (16) 

where, Ex,in represents the total exergy inputted into the sys-
tem, including the exergy from the inlet air and two users. 
Its expression is  

 ,in , , , , , , , ,x x q H x q X x q A x d AE E E E E    . (17) 

When the inlet parameters of the moist air and the user’s 
cooling water are fixed, Ex,in will remain constant. Solving 
eqs. (3), (5), (13)–(15) simultaneously, the total system ex-
ergy loss is expressed as 
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. (18) 

When the total cooling capacity reaches an extreme value, 
i.e. dQc = 0, 
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3

,in ,in , ,

1 1
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x x w Y w I

T T
d d E dQ

E E T T


 
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 
. (19) 

It is clear that dex is relative to Tw,I, Tw,Y and T0, and is 
obviously not zero, so when dQc = 0, the exergy efficiency 
is not at an extreme value. 

1.3  Entransy analysis for the direct evaporative  
cooling system 

Chen et al. [22] introduced the concept of moisture entransy 
to stand for the endothermic capability of a moist air. When 
taking the saturated moist air at the ambient temperature as 
a benchmark, water has only thermal entransy, Gh 

  2

, 0

1

2w h w p wG G m c T T   . (20) 

However, the entransy of moist air consists of two parts, 
thermal entransy and moisture entransy, 

 a h dG G G  . (21) 

Assuming a linear relationship between humidity wa and 
its corresponding dew point temperature Ta,dp, [22], then 
moisture entransy is expressed as 

   0 , 0 0

1

2d a a dp aG m T T w w   , (22) 

where, Ta,dp is the dew point temperature. Similar to 
thermal entransy, moisture entransy is defined by the con-
servation equation of latent heat entransy [22], where, a 
and Ua represent the density and velocity of the moist air, 
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 (23)

 

According to the definition of entransy and entransy dis-
sipation of moist air, the total entransy dissipation of the 
evaporative cooling system shown in Figure 1 is  

 , , , , , ,G h H h I h X h Y h A d AG G G G G G       . (24) 

At the benchmark position O, the entransy vanishes. We 
can then define the thermal resistance of the system based 
on the total entransy dissipation, i.e. 
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G
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R
Q


 . (25) 

Substituting eqs. (3), (5), (20), (22) and (24) into (25) 
gives the expression of the entransy dissipation-based ther-
mal resistance for the system, 
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(26)

 Therefore, when the total cooling capacity reaches an ex-
treme value, i.e. dQc = 0, 
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In practical engineering applications, (Tw,I  Tw,Y) << (Q3 

+ Q4)
2, and then (Tw,I  Tw,Y)/(Q3 + Q4)

2≈0. Therefore, when 
the cooling capacity reaches an extreme value, the entransy 
dissipation-based thermal resistance also reaches an extreme 
value. 

To further illustrate the process, we will validate the cor-
responding relationships of the total cooling capacity, the 
entransy dissipation-based thermal resistance and the exergy 
efficiency of the system, by numerical calculation for prob-
lems of flow and area distribution in parallel and series in-
direct evaporative cooling systems. We will then confirm the 
optimization criterion for the evaporative cooling system. 

2  Performance analysis of flow distribution in a 
typical indirect evaporative cooling system 

2.1  The parallel indirect evaporative cooling system 

We consider the parallel indirect evaporative cooling sys-
tem in Figure 1, in which the air pre-cooler (1) and the us-
ers’ heat exchangers (3) and (4) are arranged in parallel.  

In this case, there exist two kinds of flow distribution: 
(i) With the fixed inlet states of moist air and user’s 

cooling water, the circulating water mass flow rate and heat 
conductance for each heat exchanger, the total cooling ca-
pacity, the entransy dissipation-based thermal resistance and 
the exergy efficiency in the system are all related only to the 
flow distribution ratio ε. This is defined by the mass flow 
rate ratio of the water entering the air pre-cooler to the total 
circulating water, i.e 

 ,

,

w E

w D

m

m
  . (28) 

(ii) With the fixed inlet states of moist air and user’s 
cooling water, the circulating water mass flow rate and heat 
conductance for each heat exchanger, the total cooling ca-
pacity, the entransy dissipation-based thermal resistance and 
the exergy efficiency in the system are all related only to the 
flow distribution ratio ξ. This is defined by the mass flow 
rate ratio of the water entering the user’s heat exchanger (3) 
to the circulating water supplied for the users, i.e. 
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 ,

,

w P

w F

m

m
  . (29) 

If the flow distribution ratio, , is fixed, the system has 
only one variable, i.e. the flow distribution ε. When the inlet 
temperature, humidity and mass flow rate of the moist air, 
are 305 K, 0.008 kg/kg and 1.9 kg/s, respectively, the user’s 
cooling water flows into system at 305 K and 1 kg/s for user 
1, and 301 K and 3 kg/s for user 2, the total circulating water 
mass flow rate is 2 kg/s ( = 0.5). The heat conductances for 
the air pre-cooler, direct evaporative cooler, and users’ heat 
exchangers (3) and (4) are 4000, 8000, 8000 and 6000 W/K, 
respectively, and the Lewis number reaches 1. Figure 2 
shows the variation of the total cooling capacity, entransy 
dissipation-based thermal resistance and exergy efficiency 
versus the flow distribution ratio . The vertical coordinates 
are normalized by their individual maximum values for ease 
of comparison. Accompanying the increment of ε, both the 
total cooling capacity and exergy efficiency increase first and 
then decrease, while conversely the entransy dissipation- 
based thermal resistance decreases first and then increases. 
Under this condition, when ε reaches 0.14, both the mini-
mum entransy dissipation-based thermal resistance and the 
maximum exergy efficiency correspond to the maximum 
total cooling capacity. 

When the system flow distribution  is fixed, and we 
change , we keep the inlet parameters of moist air and user’s 
cooling water and heat conductance of four heat exchangers 
the same, and assume  = 0.2. In this situation, the variation 
trend of the total cooling capacity, entransy dissipation- 
based thermal resistance and exergy efficiency, again nor-
malized by their individual maximum values, versus the 
flow distribution ratio  are shown in Figure 3. The results 
show that as  increases, both the total cooling capacity and 
exergy efficiency increase first and then decrease, while the 
entransy dissipation-based thermal resistance has the opposite  

 

Figure 2  The total cooling capacity, entransy dissipation-based thermal 
resistance and exergy efficiency versus flow distribution ratio ε in the 
parallel indirect evaporative cooling system. 

 

Figure 3  The total cooling capacity, entransy dissipation-based thermal 
resistance and exergy efficiency versus flow distribution ratio  in the 
parallel indirect evaporative cooling system. 

trend. When  reaches 0.525, the minimum entransy dissi-
pation-based thermal resistance corresponds to the maxi-
mum achievable total cooling capacity, with the maximum 
exergy efficiency achieved at  = 0.6. This demonstrates 
that only the entransy dissipation-based thermal resistance 
can affect the cooling performance of this indirect evapora-
tive cooling system, i.e. the lower the entransy dissipation- 
based thermal resistance the better the evaporative cooling 
performance. 

2.2  The series indirect evaporative cooling system 

We now consider the series indirect evaporative cooling 
system in Figure 4, where the air pre-cooler (1) and users’ 
heat exchangers (3) and (4) are arranged in series. Likewise, 
with the fixed inlet states of the moist air and user’s cooling  

 

Figure 4  Schematic of a series indirect evaporative cooling system. 
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water, the circulating water mass flow rate and heat con-
ductance for each heat exchanger, the total cooling capacity 
for the indirect evaporative cooling system varies with dif-
ferent flow distribution ratio . 

In this cycle, the mathematical relationships of the total 
cooling capacity Qc, exergy efficiency ex and entransy dis-
sipation-based thermal resistance RG with the flow distribu-
tion ratio , will change because of the change in the cycle 
arrangement, but they are still only related to . 

Under the same condition in section 2.1, the total cooling 
capacity, entransy dissipation-based thermal resistance and 
exergy efficiency versus the flow distribution ratio  are 
shown in Figure 5. Increasing ξ will first increase and then 
decrease the total cooling capacity and exergy efficiency, 
while the entransy dissipation-based thermal resistance will 
first decrease and then increase. The total cooling capacity 
and the entransy dissipation-based thermal resistance reaches 
an extreme value at = 0.5, while exergy efficiency is 
achieved at  = 0.575. This still shows that the entransy dis-
sipation-based thermal resistance is more suitable for evalu-
ating the cooling performance of an indirect evaporative 
cooling system. 

3  Performance analysis of area distribution in 
typical indirect evaporative cooling systems 

3.1  The parallel indirect evaporative cooling system 

We again consider the parallel indirect evaporative cooling 
system schematic shown in Figure 1. Because the heat con-
ductance for the heat exchanger, consisting of the heat 
transfer area and heat transfer coefficient, is limited by the 
investment costs, it makes sense to consider it as a con-
straint on the sum of the heat conductance of the heat ex-
changers (3) and (4), i.e. ksA=(ksA)3+(ksA)4=const. With the 
fixed inlet states of the moist air and user’s cooling water, 
and of the circulating water mass flow rate and flow distri-    

 

Figure 5  The total cooling capacity, entransy dissipation-based thermal 
resistance and exergy efficiency versus flow distribution ratio  in the 
series indirect evaporative cooling system. 

bution ratio  and , the change area distribution ratio α will 
then achieve the maximum total cooling capacity for the 
system. We define 

 
 

3s

s

k A

k A
  . (30) 

When the inlet temperature, humidity and mass flow rate 
of the moist air are 305 K, 0.008 kg/kg and 1.9 kg/s, respec-
tively, the user’s cooling water flows into the system at 305 K 
and 1 kg/s for user 1 and 301 K and 3 kg/s for user 2, the total 
circulating water mass flow rate is 2 kg/s (= 0.2,  = 0.5), 
the heat conductances of the air pre-cooler and direct evapo-
rative cooler are 4000 and 8000 W/K, respectively, the total 
heat conductance for the two users is 15000 W/K, and the 
Lewis number is 1. Figure 6 shows the variation curves for 
the total cooling capacity, entransy dissipation-based ther-
mal resistance and exergy efficiency versus the area distri-
bution ratio . With the increasing , both the total cooling 
capacity and exergy efficiency increase first and then de-
crease, while the entransy dissipation-based thermal re-
sistance is the converse. Under this condition, when  reaches 
0.55, the minimum entransy dissipation-based thermal re-
sistance corresponds to the maximum achievable total cooling 
capacity while the maximum exergy efficiency is at  = 0.6. 

3.2  The series indirect evaporative cooling system 

To establish the relationships between the total cooling ca-
pacity, exergy efficiency and entransy dissipation-based 
thermal resistance, with the area distribution ratio α for the 
series indirect evaporative cooling system, we apply the 
same known parameters as in section 3.1, but with reduced 
inlet temperature for the user’s cooling water for heat ex-
changer (4) at 297 K. The variation trend of the total cooling 
capacity, entransy dissipation-based thermal resistance and 
exergy efficiency versus the area distribution ratio  are 
shown in Figure 7. Increasing  will first increase and then  

 

Figure 6  The total cooling capacity, entransy dissipation-based thermal 
resistance and exergy efficiency versus area distribution ratio α in the par-
allel indirect evaporative cooling system. 
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Figure 7  The total cooling capacity, entransy dissipation-based thermal 
resistance and exergy efficiency versus area distribution ratio  in the 
series indirect evaporative cooling system. 

decrease the total cooling capacity and exergy efficiency, 
while the entransy dissipation-based thermal resistance, will 
first decrease and then increase. The total cooling capacity 
and the entransy dissipation-based thermal resistance reach 
the extreme value at  = 0.45, while the exergy efficiency is 
achieved at = 0.325. 

4  Conclusions 

This paper studies the applicability of the two optimization 
criteria of the maximum exergy efficiency method and the 
minimum entransy dissipation-based thermal resistance 
method in flow and area distribution optimizations for 
evaporative cooling systems. After constructing the rela-
tionship of the cooling capacity with exergy efficiency and 
entransy dissipation-based thermal resistance in the system, 
we validate the conclusions of the theoretical analysis by 
numerical calculation and conclude that in performance 
optimization of flow and area distributions for the parallel 
and series indirect evaporative cooling systems, when the 
entransy dissipation-based thermal resistance reaches a min-
imum the cooling capacity of the system reaches a maxi-
mum, i.e. the optimal evaporative cooling performance, but 
the exergy efficiency does not achieve its maximum value 
at the same time. 

In conclusion, applying entransy analysis and the mini-
mum entransy dissipation-based thermal resistance method 
to evaluate and optimize the evaporative cooling perfor-
mance of the systems, without involving any thermody-
namic cycles is very achievable. 

The work was supported by the National Natural Science Foundation of 
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