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ARTICLE INFO ABSTRACT

Gas-gas plate heat exchanger is an important component to remove heat generated from electronic devices in the
cabinet cooling system. The counter-flow plate heat exchanger is usually used due to its higher heat transfer
performance than the cross-flow plate heat exchanger. However, in the cabinet cooling system, the overall
dimensions for the heat exchanger is limited. Therefore, it is necessary to consider the overall dimensions of the
system during heat exchanger design, but the traditional thermal design method of heat exchanger doesn’t
consider the effect of system parameters. In this paper, a cross-flow plate heat exchanger is proposed to improve
the cooling performance of cabinet cooling system, and is compared with the counter-flow plate heat exchanger.
The ¢-NTU method and effectiveness-thermal resistance method are applied to evaluate the performance. It is
found that for large width of cabinet cooling system, the system with cross-flow plate heat exchanger has higher
cooling performance and lower thermal resistance than the system with counter-flow plate heat exchanger.
When the width is 700 mm, the cooling capacity of the two systems are 176.13 W/K and 138.95 W/K, re-
spectively. The dimensionless thermal resistance can characterize the irreversibility of the heat transfer at
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1. Introduction

Plate heat exchangers are widely used in energy consuming and
handling industries [1]. Generally, plate heat exchangers are used for
liquid-liquid heat exchange [2]. Imran et al. [3] optimized liquid-li-
quid plate heat exchanger. The overall dimensions of the heat ex-
changer were independently considered in their research. Miao et al.
[4] numerically studied liquid-liquid plate heat exchangers. The heat
exchanger was counter-flow plate heat exchanger. Two methods were
utilized to get simulation results, respectively. The results of grey-box
method were better. Kumar et al. [5] experimentally studied the li-
quid-liquid plate heat exchangers and obtained correlation based on
their experimental data, in which the overall dimensions of the mea-
sured heat exchangers were constant. Yang et al. [6] obtained corre-
lation based on their experimental data and empirical correlations in
open literature. The overall dimensions of heat exchangers in their
work were varied. Counter-flow plate heat exchanger also could be
applied for two-phase heat exchange [7] and the heat exchangers in
organic Rankine cycle could be counter-flow plate heat exchangers for
better performance [8]. However, due to the primary heat transfer
surfaces and light weight the plate heat exchanger was developed for
gas—gas heat exchange [9] and even for liquid-gas heat exchange [10].
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Cross-flow arrangement was convenient for liquid-gas plate heat ex-
changer [11]. High temperature gas-gas heat exchangers were mainly
applied for the microturbine recuperated cycle system [12] and air
preheater of the fossil fuel power system [13]. Recuperators for micro
gas turbine was reviewed by Xiao et al. [14] recently. Wang et al. [15]
improved the performance of air preheater by optimizing geometrical
parameters of primary surface. Vafajoo et al. [16] utilized a two-di-
mensional mathematical model to simulate thermal-hydraulic perfor-
mance of plate heat exchanger. This model was developed to gas—gas
heat exchange under compressible and turbulent flow conditions. Two
different chevron-type plates were used to replace the flat plate to en-
hance heat transfer. Li and Gao [17] numerically studied heat transfer
and turbulent flow in a gas-gas plate heat exchanger, and the heat
exchanger was a cross-corrugated (CC) primary surface heat exchanger.
They added baffles to improve the heat transfer. Ma et al. [18] eval-
uated heat transfer and flow resistance of a gas—gas plate heat ex-
changer, and the heat exchanger was a cross-wavy (CW) primary sur-
face heat exchanger. They found that the entrance area had small effect
and similar thermal-hydraulic performance was obtained for channels
with different equivalent diameters. Wang et al. [19] studied heat
transfer and flow performances of gas-gas cross-flow CC primary sur-
face heat exchangers experimentally, in their experiment the fluids on
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Nomenclature

a heat transfer area of one plate, mm?

A; cross sectional area of channel inlet mm?
A overall heat transfer area, mm?

1o specific heat, J/(kg K)

Cc heat capacity rate, W/K

C; heat capacity ratio

d plate pitch, mm

Dy fan diameter, mm

f friction factor

h heat transfer coefficient, W/(m? K)

H cabinet cooling system height, mm

H., counter-flow plate heat exchanger height, mm
H., cross-flow plate heat exchanger height, mm
Hg fan height, mm

L cabinet cooling system length, mm

Leo counter-flow plate heat exchanger length, mm
Lo cross-flow plate heat exchanger length, mm
m mass airflow rate, kg/s

n number of heat exchange channels

ne number of cold channels

ny, number of hot channels

NTU number of heat transfer units

Nu Nusselt number

Pr Prandtl number

q heat transfer rate, W

dp cooling capacity, W/K

Re Reynolds number

Rex equivalent thermal resistance, K/W

R* dimensionless thermal resistance

T temperature, K

u averaged inlet velocity, m/s

U overall heat transfer coefficient, W/(m? K)
w cabinet cooling system width, mm

Weo counter-flow plate heat exchanger width, mm
Wer cross-flow plate heat exchanger width, mm
Greek

AE entransy dissipation rate, W K
€ heat exchanger effectiveness

A thermal conductivity, W/(m K)
v kinematic viscosity, m?/s

P density, kg/m®

Subscripts

co counter flow
cr cross flow

c cold side

h hot side

i inlet

o outlet

both sides were air. The hydrophilic polymer membrane gas—gas plate
heat exchanger was utilized in air ventilation [20], the plate heat ex-
changer could transfer the heat and moisture simultaneously. Lu et al.
[21] experimentally and theoretically analyzed a plastic film cross-flow
plate heat exchanger. The film vibrated when the airflow passed
through the channels and the vibration improved the heat transfer.
Bermejo-Busto et al. [22] connected several gas—gas cross-flow plate
heat exchangers in a cascade layout and installed the heat exchangers in
two different locations. This new configuration of heat exchangers,
which saved energy, had been simulated with computational fluid dy-
namics (CFD) software.

One of the classical methods for the thermal design of heat ex-
changers is e-NTU (Effectiveness-Number of Transfer Units) method
[23]. Dizaji et al. [24] measured the coiled tube heat exchanger. They
found that the air bubble injection strongly increased NTU and e.
Sammeta et al. [25] simulated a 9-plate counter-flow corrugated plate
heat exchanger using CFD software. The ¢-NTU chart of the heat ex-
changer was obtained from simulated data. They found that effective-
ness was increased with increment of NTU and decrement of heat ca-
pacity ratio. When the effectiveness was less than 0.4, the effects of heat
capacity ratio on effectiveness was small. Rogiers et al. [26] optimized
the counter-flow plate heat exchanger by using e-NTU based thermal
design. They found that down sized the plate heat exchanger at a
constant pressure drop, the effectiveness exhibited a maximum value
because of longitudinal heat conduction. The pure counter-flow heat
transfer was considered for the whole channel of the plate heat ex-
changer. It was not possible for real plate heat exchanger due to the
overlap of two fluids inlets and outlets. In their later work [27] similar
investigation was applied on the cross-flow plate heat exchanger. Pure
cross-flow heat transfer could be obtained in gas—gas plate heat ex-
changer. Gherasim et al. [28] calculated effectiveness of a multi-pas-
sage plate heat exchanger with a one-dimensional heat transfer model.
The model considered dissipation and viscosity. They found that com-
putational results were identical to the e-NTU relations for low viscosity
fluid. Ferndndez-Torrijos et al. [29] used the ¢-NTU method to obtain a
general expression of the effectiveness of plate heat exchanger. The

expression was generalized for any heat exchanger with series—parallel
configurations.

In the ¢-NTU method, the effectiveness of heat exchanger reflects
the thermal performance of the heat exchanger. The higher the effec-
tiveness is, the greater the thermal performance is. An effectiveness-
thermal resistance method for heat exchanger design and analysis was
carried out by Guo et al. [30]. In the method the thermal resistance of a
heat exchanger was defined based on the concept of the entransy dis-
sipation rate [31]. Cheng and Liang [32] analyzed two-stream heat
exchanger networks. They pointed out that with increment of effec-
tiveness the thermal resistance always decreased. Rodriguez et al. [33]
evaluated the ecological impact of shell-and-tube heat exchangers. In
their work the entransy dissipation was combined with the ecological
function.

The electronic devices are often housing by a telecommunication
cabinet. The cabinet is usually cooled by fans directly [34]. A cabinet
cooling system comprises a gas—-gas plate heat exchanger, an internal
fan and an external fan. Gas-gas plate heat exchanger is applied to re-
move the heat generated in cabinet and prevent water and dust from
entering the cabinet. Here, internal air (hot fluid) and external air (cold
fluid) are forced by internal and external fans, respectively, and con-
vective heat transfer occurs in the gas—gas plate heat exchanger. At the
same NTU and heat capacity ratio, the effectiveness of the counter-flow
heat exchanger is higher than that of cross-flow heat exchanger, while
the effectiveness of the parallel-flow heat exchanger is the lowest [35].
Similarly, at the same geometrical parameter and flow rates, the
counter-flow heat exchanger has the highest heat transfer rate [36]. It is
common sense that the counter-flow heat exchanger is better than the
cross-flow heat exchanger, so the counter-flow gas-gas plate heat ex-
changer is widely used in the cabinet cooling system [37].

Generally, taken the heat exchanger into consideration in-
dependently, at the same dimensions, the counter-flow heat exchanger
has better thermal performance than the cross-flow heat exchanger.
However, both the counter-flow and cross-flow arrangements are used
in some applications due to the restrictions of the heat transfer channel
structures. CW primary surface heat exchanger only performs in the
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counter-flow arrangement, but CC primary surface heat exchanger
performs in both counter-flow and cross-flow arrangements [38]. Most
of the liquid-liquid plate heat exchangers are counter-flow [39].

The special feature of the cabinet cooling system is that it has re-
strictions in size. The geometrical parameters of the gas—gas plate heat
exchanger are highly depended on the system’s size. For the cabinet
cooling system, the arrangements of the counter-flow and cross-flow
plate heat exchangers are significantly different. Cross-flow heat
transfer occurs for whole channel of cross-flow plate heat exchanger in
cabinet cooling system. But for counter-flow plate heat exchanger in
cabinet cooling system, the counter-flow heat transfer is not occurred
for whole channel, because both-side air flow directions vary in outlet
area of the heat exchange channels. The variation of flow direction also
increases resistance of heat exchange channel. So the cross-flow heat
exchanger may have better thermal performance than the counter-flow
heat exchanger in the cabinet cooling system.

The thermal design of heat exchanger should be performed in the
system level and the thermal performance of the heat exchangers
should be compared under same overall dimensions of the cabinet
cooling system. To the best of our knowledge, this work has not been
reported in open literature. In this paper, a cross-flow plate heat ex-
changer is proposed to improve the performance of the cabinet cooling
system. The e-NTU method and effectiveness-thermal resistance method
are used for thermal design of plate heat exchangers in the cabinet
cooling system. The cooling performance of the systems with cross-flow
plate heat exchanger and counter-flow plate heat exchanger are com-
pared. The effects of overall dimensions are studied. The effect of mass
flow rate on thermal resistances are also studied.

2. Methods

The outdoor electronic devices are often housing by a cabinet.
Instead of cooling by a fan directly, the heat generated from electronic
devices in the cabinet is removed by the cabinet cooling system. In this
section, the cabinet cooling system with counter-flow plate heat ex-
changer and cross-flow plate heat exchanger are introduced. Then the
methods and assumptions for thermal design of plate heat exchanger in
the cabinet cooling system are introduced. At last, the thermal design of
plate heat exchanger is validated.

2.1. Counter-flow cabinet cooling system and cross-flow cabinet cooling
system

The cabinet cooling system is installed on the front surface of the
telecommunication cabinet. The cabinet cooling system includes a
gas—gas plate heat exchanger, an internal fan and an external fan. The
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internal and external fans are the same centrifugal fan. The shape of the
fan is cylindrical, with a diameter of 175 mm and a height of 68 mm so
that the fan needs a rectangular space of 200 mm X 200 mm X 70 mm.
The cabinet cooling system height H is influenced by the fan height.
Here, the variation of H is from 70 mm to 140 mm.

The cabinet cooling system with counter-flow plate heat exchanger
is called counter-flow cabinet cooling system, as shown in Fig. 1(a),
while that with cross-flow plate heat exchanger is called cross-flow
cabinet cooling system, as shown in Fig. 1(b). In the counter-flow ca-
binet cooling system, the internal and external fans are installed at two
ends of the heat exchanger, the length of the heat exchanger and two
centrifugal fans determine the system length L. The length of the heat
exchanger must be long enough to ensure the effective counter-flow
heat transfer. Here, the value of L is at least 700 mm.

In the system, the hot and cold channels of the counter-flow plate
heat exchanger are the same. Here, the length and width of the cross-
flow plate heat exchanger are equal. So the hot and cold channels are
the same in cross-flow cabinet cooling system. One diagonal line of the
heat exchanger is parallel to the length of the system. Length and width
of the cross-flow plate heat exchanger are not limited by L, when the
value is 700 mm. However, the length and width of the cross-flow plate
heat exchanger are strongly limited by the cabinet cooling system width
W. At small W, the cross-flow plate heat exchanger length and width are
so small, which leads to a bad thermal performance. Different from the
counter-flow cabinet cooling system, the internal and external fans are
not installed at two ends of the heat exchanger and can be installed
beside each other. So the value of W is at least 400 mm.

Another important parameter of the plate heat exchanger is plate
pitch d. The plates of the cross-flow plate heat exchanger are parallel to
the cabinet surface so that number of the heat exchange channels is
determined by heat exchanger height and plate pitch. For the counter-
flow cabinet cooling system, the heat transfer plates are perpendicular
to the cabinet surface, the number of heat exchange channels is de-
termined by heat exchanger width and plate pitch. Heat transfer area of
one plate is determined by L., H., for counter-flow plate heat ex-
changer and by L., W, for the cross-flow plate heat exchanger. The
geometrical parameters of the heat exchangers are summarized in
Table 1.

In this paper, flat plate heat exchangers are applied in the cabinet
cooling systems. Filonenko and Gnielinski correlations are used to
calculate the Fanning friction coefficient f and Nusselt number Nu, re-
spectively (characteristic length is 2d).

f=(1.581nRe — 3.28)72, (2300 < Re < 10°) (@D)]

-

|-

— |

=

(b)

Fig. 1. Cabinet cooling system.
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Table 1
Parameters of counter-flow and cross-flow plate heat exchangers.
Counter-flow Cross-flow
Length (mm) L, = L — 400 mm L, = 0.707 W
Width (mm) Weo = W W = 0.707 W
Height (mm) He,, = H H, =H
Number of heat exchange channels n = We/d n = He/d
Cross sectional area of channel inlet A; = dH,, A; = dL.,
(mm?)

Heat transfer area of one plate (mm?) a = LeoHeo a = LW

Overall heat transfer area (mm?) A= (2n - 1a A= (2n - 1a

Y= (f/2)(Re — 1000)Pr
T 107 + 12.7f/2 (Pr¥3 — o)

where Pr is Prandtl number, Re is Reynolds number defined as below:

1), (2300 < Re < 10°)

_ 2ud
Ty 3

where d is plate pitch, v is the kinematic viscosity, u is averaged inlet
velocity defined as below:

Re

2m
npA; (C))

where p is density, A; is cross sectional area of channel inlet, m is mass
flow rate and n is number of heat exchange channels. Here, the number
of hot channels n, is assumed to be equal to the number of cold
channels n., which is

Ny = NnNe = E
2 )

2.2. &-NTU method and effectiveness-thermal resistance method

The thermal design based on ¢-NTU method is widely used for
various kinds of heat exchangers. For a given heat exchanger, the
method is utilized to evaluate the heat transfer performance. Mass flow
rates and inlet temperatures are usually known. The heat capacity rates
of both fluids are calculated as:

Ch = (mcp)n (6)
C.= (mcp)c ()

where c;, is specific heat capacity and m is mass flow rate. Then the heat
capacity ratio C, can be calculated:

Cmin

Cnax (8
max (Ce, Cp).

C =

where Cpi, = min (C, Cy), and Cpax =
The NTU is defined as follows:

NTU=ﬂ

Cmin (9)
where A is the overall heat transfer area and U is the overall heat
transfer coefficient. Here, the plate thickness is negligible, so U is cal-
culated by:

U= (hy' + kD™ (10
where h is the heat transfer coefficient, which calculated as:
h= Nuld

2d a1

where A is the thermal conductivity, d is plate pitch and Nu is Nusselt
number.

The ¢-NTU curves of both counter-flow and cross-flow heat ex-
changers are given by Kays and London [23]. Here, the effectiveness is
obtained from ¢-NTU curves.

Then the heat transfer rate ¢ and outlet temperatures of the heat
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exchanger are obtained as:

q = €Crnin (Thi — Toy) (12)

Tho = T — L

ho hi Ch (13)
q

To =T + —

co Cl CC (14)

where T is temperature, ¢ is effectiveness and Cy,;,, is the minimum heat
capacity rate.

The effectiveness-thermal resistance method was proposed by Guo
et al. [30]. The equivalent thermal resistance of a heat exchanger was
defined based on the concept of the entransy dissipation rate. The en-
transy dissipation rate AE of the heat exchanger is defined as [31]:

1 1 1 1
AE = (E,Ch,Tﬁi, + ECTZ) - (E,Ch,T,fo, + ,E,CC,TZO) 15

where T is temperature and C is heat capacity rate. And, the equivalent
thermal resistance R, of the heat exchanger is defined as [30]:

Rex = —
7 (16
where AE is entransy dissipation rate and q is heat transfer rate.
Combining all the Equations above, the equivalent thermal re-
sistance R, can be expressed as:
1 .1 1

Conin [; - E(Cr + 1)] a7

Rex =

where Cp, is the minimum heat capacity rate, C, is heat capacity ratio
and ¢ is effectiveness. Then the dimensionless thermal resistance is
calculated as follows [30]:

1

1
R* = RexCryin = — — _(Cr + 1)
€ 2

(18)

Entransy dissipation rate reflects the irreversibility of heat transfer
process. The thermal resistance hinders the irreversibility of heat
transfer, the higher the thermal resistance of a heat exchanger is, the
lower the heat transfer rate is. So the thermal resistance could be used
to analyze the irreversibility of heat transfer process of the heat ex-
changer.

2.3. Assumptions

For thermal design of both counter-flow plate heat exchanger and
cross-flow plate heat exchanger in the cabinet cooling system, the fol-
lowing assumptions are made to simplify the model:

(1) Both internal air and external air are incompressible gases with
constant thermal physical properties and characteristic tempera-
tures are the same because the maximum temperature difference is
small.

(2) The width of the cross-flow plate heat exchanger equals to the
length of the cross-flow plate heat exchanger, W, = L.

(3) The plate thickness is negligible and plate pitch is constant at
2.5 mm.

(4) Mass flow rates of both-side airs are the same. The number of hot
channels ny, and cold channels n, are the same for both counter-flow
plate heat exchanger and cross-flow plate heat exchanger.

(5) Internal air and external air are uniformly distributed for every hot
channel and cold channel, respectively.

(6) The inlet temperatures of the internal air T}; and external air T; are
fixed.

(7) The cabinet surfaces are considered to be heat insulation. So, for the
cabinet cooling system, the cooling capacity g, is defined as:

&t = €Chin

= Thi — Ty (19
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where q is heat transfer rate, T is temperature, ¢ is effectiveness and
Conin is the minimum heat capacity rate. The cooling performance of the
system is only reflected by the thermal performance of the plate heat
exchangers.

2.4. Validation

In order to validate the thermal design of plate heat exchanger, the
heat transfer rates of gas-gas CC primary surface heat exchanger cal-
culated by &-NTU method and computational results were compared
with experimental results of Wang et al. [19]. The overall dimensions of
the gas-gas CC primary surface heat exchanger are
260 mm X 260 mm X 320 mm. The geometry of CC primary surface
plate is shown in Fig. 2. The parameters of the CC primary surface plate
are 11 mm in wavelength and 5.5 mm in corrugation height. The cor-
rugation angle for hot and cold sides are 60° and 120°, respectively. The
mass flow rates of the hot air and cold air are the same. For 26 different
cases, the maximum, minimum and average deviations of computa-
tional results from experimental results were 7.67%, 4.32% and 6.50%,
respectively. The deviations are as shown in Fig. 3. It is indicated that
the &-NTU method of this study could obtain accurate results for
gas—gas plate heat exchangers.

3. Results and discussion

The parameters of both counter-flow plate heat exchanger and
cross-flow plate heat exchanger are highly depended on overall di-
mensions of the cabinet cooling system. The effects of the overall di-
mensions of counter-flow plate heat exchanger and cross-flow plate
heat exchanger on the thermal performance are obtained at constant
mass flow rate of m = 0.4 kg/s. For a cabinet cooling system, whose
overall dimensions are 700 mm X 400 mm X 90 mm, the effect of mass
flow rate on thermal resistances of counter-flow plate heat exchanger is
obtained. The cooling performance of the cabinet cooling system and
thermal resistance of the plate heat exchangers are studied. The thermal
performance of the plate heat exchanger directly reflects the cooling
performance of the system. The thermal resistance of heat exchanger,
which hinders the heat transfer, is used to analyze the irreversibility of
the heat transfer.

3.1. Effect of cabinet cooling system width

The effects of system width on the cooling capacity of cabinet
cooling system and dimensionless thermal resistance of plate heat ex-
changer are discussed in this section. It is obtained from the Table 1
that the counter-flow plate heat exchanger width increases with the
increment of system width. The overall heat transfer area of counter-
flow plate heat exchanger increases because the number of heat ex-
change channels increases. However, for the cross-flow plate heat ex-
changer, the overall heat transfer area greatly increases due to the
significant increment in heat transfer area of heat exchanger plate.

The cabinet cooling system width is increased from 400 mm to
700 mm at constant system length of L = 700 mm and system height of
H = 90 mm. The overall heat transfer area and coefficient of plate heat
exchanger with different system widths are summarized in Table 2. The
variations of cooling capacity of the cabinet cooling system and di-
mensionless thermal resistance of the plate heat exchanger with in-
crement of cabinet cooling system width are illustrated in Figs. 4 and 5,
respectively.

With the increment of the system width, the cooling capacity of the
cabinet cooling system with counter-flow plate heat exchanger is nearly
constant and the dimensionless thermal resistance of the counter-flow
plate heat exchanger is almost constant. The inappreciable change of
thermal performance of the counter-flow plate heat exchanger also can
be measured by dimensionless thermal resistance. It is indicated that in
these cases the irreversibility of heat transfer process is nearly constant.

Energy Conversion and Management 213 (2020) 112854

The thermal performance of counter-flow plate heat exchanger is not
increased with increment of heat transfer area, because the mass flow
rate for every channel decreases which causes a decrement in the heat
transfer coefficient. In these cases, the overall heat transfer area of
counter-flow plate heat exchanger increases by 75% and overall heat
transfer coefficient of counter-flow plate heat exchanger decreases by
41%. The irreversibility of heat transfer process is also influenced by
increment of heat transfer area and decrement of heat transfer coeffi-
cient.

However, for the cross-flow plate heat exchanger the cooling ca-
pacity increases with the increment of the cabinet cooling system
width. In these cases, the overall heat transfer area increases by 206%
and the overall heat transfer coefficient decreases by 38%. The incre-
ment in thermal performance of the cross-flow plate heat exchanger is
mainly caused by the great increment of the overall heat transfer area.

The dimensionless thermal resistance of the cross-flow plate heat
exchanger is decreased monotonically. It means the irreversibility of the
heat transfer process is increased. It also indicates that the thermal
resistance of the heat exchanger considers heat transfer area and
coefficient simultaneously.

It is proved that the cross-flow cabinet cooling system has great
performance for larger cabinet cooling system width. At the width of
700 mm, the cooling capacity of the two systems are 176.13 W/K and
138.95 W/K. The cooling capacity of the cross-flow cabinet cooling
system is 1.26 times larger. The dimensionless thermal resistances are
1.28 and 1.89, respectively. The dimensionless thermal resistance of
cross-flow plate heat exchanger is 0.68 of that value of counter-flow
plate heat exchanger.

3.2. Effect of cabinet cooling system length

The parameters of the cross-flow plate heat exchanger are not
changed with variation of cabinet cooling system length. So a cross-flow
cabinet cooling system, whose overall dimensions are
700 mm X 500 mm X 90 mm, is carried out to compare with the
counter-flow cabinet cooling system. The cooling capacity of the ca-
binet cooling system and dimensionless thermal resistance of the cross-
flow plate heat exchanger are 147 W/K and 1.73, respectively. In this
case the overall heat transfer area and overall heat transfer coefficient
of cross-flow plate heat exchanger are 4.38 m? and 53.12 W/(m? K),
respectively.

On the other hand, it is clearly seen from the Table 1 that the
counter-flow plate heat exchanger length increases with the increment
of the cabinet cooling system length. The heat transfer area of every
plate is increased. The variations of the cooling capacity of the cabinet
cooling system and dimensionless thermal resistance of counter-flow
plate heat exchanger with increment of cabinet cooling system length
are illustrated in Fig. 6. The cabinet cooling system length is increased
from 650 mm to 800 mm at constant system width of W = 500 mm and
system height of H = 90 mm. The overall heat transfer area is increased

P

Fig. 2. Sketch of CC primary surface plate [19]: P — Wavelength, S — Corru-
gation height, 8 — Corrugation angle.
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Table 2

Overall heat transfer area and overall heat transfer coefficient of plate heat
exchanger with different system widths.

W (mm) A (m?) U (W/(m? K))
Cross-flow Counter-flow Cross-flow Counter-flow
400 2.8 4.29 63.97 47.78
450 3.54 4.83 58.04 43.08
500 4.38 5.37 53.12 39.16
550 5.29 5.91 48.96 35.82
600 6.3 6.45 45.39 32.95
650 7.39 6.99 42.27 30.42
700 8.58 7.53 39.52 28.19
200
—&— Cross-flow cabinet cooling system
180 —o— Counter-flow cabinet cooling system
/O
/O
160 |

q (W/K)
\

400 500 600 700
W(mm)

100

Fig. 4. Effect of cabinet cooling system width on cooling capacity.

from 3.58 m? to 7.72 m?,

The cooling capacity of the cabinet cooling system with counter-
flow plate heat exchanger increases by 35.7% with the increment of the
system length because of the overall heat transfer area increment. The
overall heat transfer coefficient is fixed in these cases. The di-
mensionless thermal resistance decreases by 37.5%. It indicates that the
irreversibility of the heat transfer process increases with the increment
of heat transfer area at constant overall heat transfer coefficient. If the
system is limited in width, the counter-flow heat transfer is re-
commended to improve the cooling performance.
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Fig. 6. Effect of cabinet cooling system length on cooling capacity and di-
mensionless thermal resistance.

3.3. Effect of cabinet cooling system height

The effects of system height on cooling capacity of the cabinet
cooling system and dimensionless thermal resistance of plate heat ex-
changer are discussed in this section. It is obtained from the Table 1
that for the counter-flow plate heat exchanger, with the increment of
the system height the overall heat transfer area increases because of the
increment in every plate heat transfer area. For cross-flow plate heat
exchanger the overall heat transfer area increases due to the increment
of number of heat exchange channels.

The variations of the cooling capacity of the cabinet cooling system
and dimensionless thermal resistance of plate heat exchanger with in-
crement of cabinet cooling system height are illustrated in Figs. 7 and 8,
respectively. The cabinet cooling system height is increased from
70 mm to 140 mm at constant system length of L = 700 mm and system
width of W = 400 mm. The overall heat transfer area and overall heat
transfer coefficient of plate heat exchanger with different system
heights are summarized in Table 3.

With the increment of the system height, the cooling capacity of the
counter-flow cabinet cooling system increases at first and then de-
creases due to the comprehensive effects of heat transfer area increment
and heat transfer coefficient decrement. The dimensionless thermal
resistance of the counter-flow plate heat exchanger decreases at first
and then increases. It is indicated that dimensionless thermal resistance
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Fig. 8. Effect of cabinet cooling system height on dimensionless thermal re-
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Table 3
Overall heat transfer area and overall heat transfer coefficient of plate heat
exchanger with different system heights.

H (mm) A (m?) U (W/(m* K))
Cross-flow Counter-flow Cross-flow Counter-flow

70 3.38 4.18 65.46 48.96
80 3.88 4.78 58.64 43.56
90 4.38 5.37 53.12 39.16
100 4.88 5.97 48.54 35.48
110 5.38 6.57 44.66 32.36
120 5.88 7.16 41.32 29.65
130 6.38 7.76 38.40 27.27
140 6.88 8.36 35.83 25.16

successfully measures the comprehensive effects of heat transfer area
and heat transfer coefficient, so the irreversibility of the heat transfer
keeps in synch with thermal performance of heat exchanger. The
overall heat transfer area of the counter-flow plate heat exchanger in-
creases by 100% and the overall heat transfer coefficient decreases by
49%.

For the cross-flow plate heat exchanger, the overall heat transfer
area increases by 104% and the overall heat transfer coefficient de-
creases by 45%. The increment rate of heat transfer area here is more
than that of counter-flow plate heat exchanger and the decrement rate
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Fig. 9. Effect of mass flow rate on equivalent thermal resistance and di-
mensionless thermal resistance.

of heat transfer coefficient is less than that of counter-flow plate heat
exchanger, when the cabinet cooling system height increases from
70 mm to 140 mm. The comprehensive effects of great increment of
heat transfer area and small decrement of heat transfer coefficient cause
a monotonic increment of cooling capacity and decrement of di-
mensionless thermal resistance.

3.4. Effect of mass flow rate

The mass flow rates of both fluids are assumed to be equal. The
effects of mass flow rates on thermal resistance of a counter-flow plate
heat exchanger are discussed in this section. The overall dimensions of
the cabinet cooling system are 700 mm X 400 mm X 90 mm.

The variations of the equivalent thermal resistance and di-
mensionless thermal resistance of plate heat exchanger with increment
of mass flow rate are illustrated in Fig. 9. The mass flow rate increases
from 0.3 kg/s to 0.6 kg/s. The overall heat transfer coefficient increases
from 36.88 W/(m? K) to 67.12 W/(m? K). The equivalent thermal re-
sistance of plate heat exchanger decreases with mass flow rate. The
equivalent thermal resistance at m = 0.3 kg/s is 1.82 times larger than
that at m = 0.6 kg/s due to the mass flow rate. The dimensionless
thermal resistance, which removes the heat capacity rate from the
equivalent thermal resistance, increases slowly with increment of mass
flow rate. The dimensionless thermal resistance increases by 9.88%
when the mass flow rate increases from 0.3 kg/s to 0.6 kg/s. However,
in every step change when the mass flow rate increases by 0.03 kg/s
gradually, which equals to 10% of the 0.3 kg/s, the largest variation of
the dimensionless thermal resistance is 1.00% and these variations are
summarized in Table 4. It indicates that the irreversibility of the heat
transfer is strongly influenced by the mass flow rate. The variation of
dimensionless thermal resistance is negligible for small changes in mass
flow rate and the dimensionless thermal resistance can be used to
characterize the irreversibility of the heat transfer at constant mass flow
rate.

Table 4
Variations of dimensionless thermal resistance.

Mass flow rate (kg/s) Dimensionless thermal resistance Variation (%)

0.33 1.92 0.72
0.36 1.93 0.86
0.39 1.95 0.94
0.42 1.97 0.98
0.45 1.99 1.00
0.48 2.01 1.00
0.51 2.03 0.99
0.54 2.05 0.98
0.57 2.07 0.96
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4. Conclusions

The performance of the cabinet cooling systems with counter-flow
plate heat exchanger and cross-flow plate heat exchanger are compared
by using e-NTU method and effectiveness-thermal resistance method at
the same overall dimensions of the cabinet cooling system. The fol-
lowing conclusions can be made:

(1) With increment of cabinet cooling system width, the cross-flow
plate heat exchanger thermal performance greatly increases and
dimensionless thermal resistance greatly decreases, but the counter-
flow plate heat exchanger performance varies a little. When the
system width is 700 mm, the cooling capacity of cross-flow cabinet
cooling system is 1.26 times larger than that of counter-flow cabinet
cooling system. The dimensionless thermal resistance of the cross-
flow plate heat exchanger is 0.68 of counter-flow plate heat ex-
changer dimensionless thermal resistance. The inappreciable
change of thermal performance of the counter-flow plate heat ex-
changer can be measured by dimensionless thermal resistance.

(2) With the limitation of cabinet cooling system width, the counter-
flow plate heat exchanger is recommended at large system length.
When the system length increases from 650 mm to 800 mm, the
cooling capacity increases by 35.7%, and the dimensionless thermal
resistance decreases by 37.5%. The dimensionless thermal re-
sistance decreases with increment of heat transfer area at constant
heat transfer coefficient.

(3) The cross-flow cabinet cooling system has better cooling perfor-
mance than counter-flow cabinet cooling system with increment of
cabinet cooling system height. At these cases, cross-flow plate heat
exchanger dimensionless thermal resistance is lower than that of
counter-flow plate heat exchanger. For counter-flow plate heat ex-
changer the dimensionless thermal resistance varies synchronously
with cooling capacity of the system.

(4) The dimensionless thermal resistance can be used to characterize
the irreversibility of the heat transfer process at constant mass flow
rate and the variation of dimensionless thermal resistance is neg-
ligible for small change in mass flow rate.

Credit authorship contribution statement

Saranmanduh  Borjigin:  Conceptualization, Methodology,
Investigation, Writing - original draft. Shuxiong Zhang: Investigation,
Methodology. Ting Ma: Methodology, Writing - review & editing. Min
Zeng: Writing - review & editing. Qiuwang Wang: Supervision,
Writing - review & editing.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgements

This work was supported by the State Key Program of National
Natural Science Foundation of China (Grant No. 51536007), the
Foundation for Innovative Research Groups of the National Natural
Science Foundation of China (Grant No. 51721004), the Program of
Introducing Talents of Discipline to Universities Project (Grant No.
B16038), and the Fundamental Research Funds for the Central
Universities.

References

[1] Zhang J, Zhu XW, Mondejar ME, Haglind F. A review of heat transfer enhancement
techniques in plate heat exchangers. Renew Sust Energ Rev 2019;101:305-28.

[2]

[3]

[4]

[5]

[6]

[71

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

Energy Conversion and Management 213 (2020) 112854

https://doi.org/10.1016/j.rser.2018.11.017.

Abu-Khader MM. Plate heat exchangers: recent advances. Renew Sust Energ Rev
2012;16:1883-91. https://doi.org/10.1016/j.rser.2012.01.009.

Imran M, Pambudi NA, Farooq M. Thermal and hydraulic optimization of plate heat
exchanger using multi objective genetic algorithm. Case Stud Therm Eng
2017;10:570-8. https://doi.org/10.1016/j.csite.2017.10.003.

Miao QW, You SJ, Zheng WD, Zheng XJ, Zhang H, Wang YR. A grey-box dynamic
model of plate heat exchangers used in an urban heating system. Energies
2017;10:1398. https://doi.org/10.3390/en10091398.

Kumar B, Soni A, Singh SN. Effect of geometrical parameters on the performance of
chevron type plate heat exchanger. Exp Therm Fluid Sci 2018;91:126-33. https://
doi.org/10.1016/j.expthermflusci.2017.09.023.

Yang J, Jacobi A, Liu W. Heat transfer correlations for single-phase flow in plate
heat exchangers based on experimental data. Appl Therm Eng 2017;113:1547-57.
https://doi.org/10.1016/j.applthermaleng.2016.10.147.

Garcia-Hernando N, Almendros-Ibéfiez JA, Ruiz G, De Vega M. On the pressure drop
in Plate Heat Exchangers used as desorbers in absorption chillers. Energ Convers
Manage 2011;52:1520-5. https://doi.org/10.1016/j.enconman.2010.10.020.
Walraven D, Laenen B, D’haeseleer W. Comparison of shell-and-tube with plate heat
exchangers for the use in low-temperature organic Rankine cycles. Energ
ConversManage 2014;87:227-37. https://doi.org/10.1016/j.enconman.2014.07.
019.

Wang QW, Zeng M, Ma T, Du XP, Yang JP. Recent development and application of
several high-efficiency surface heat exchangers for energy conversion and utiliza-
tion. Appl Energ 2014;135:748-77. https://doi.org/10.1016/j.apenergy.2014.05.
004.

Kim M, Baik YJ, Park SR, Ra HS, Lim H. Experimental study on corrugated cross-
flow air-cooled plate heat exchangers. Exp Therm Fluid Sci 2010;34:1265-72.
https://doi.org/10.1016/j.expthermflusci.2010.05.007.

Yuan ZC, Wu LJ, Yuan ZK, Li HW. Shape optimization of welded plate heat ex-
changers based on grey correlation theory. Appl Therm Eng 2017;123:761-9.
https://doi.org/10.1016/j.applthermaleng.2017.05.005.

McDonald CF. Recuperator considerations for future higher efficiency micro-
turbines. Appl Therm Eng 2003;23:1463-87. https://doi.org/10.1016/51359-
4311(03)00083-8.

Stasiek JA. Experimental studies of heat transfer and fluid flow across corrugated-
undulated heat exchanger surfaces. Int J Heat Mass Tran 1998;41:899-914. https://
doi.org/10.1016/50017-9310(97)00168-3.

Xiao G, Yang TF, Liu HL, Ni D, Ferrari ML, Li MC, et al. Recuperators for micro gas
turbines: a review. Appl Energ 2017;197:83-99. https://doi.org/10.1016/j.
apenergy.2017.03.095.

Wang LM, Deng L, Ji CL, Liang EK, Wang CX, Che DF. Multi-objective optimization
of geometrical parameters of corrugated-undulated heat transfer surfaces. Appl
Energ 2016;174:25-36. https://doi.org/10.1016/j.apenergy.2016.04.079.

Vafajoo L, Moradifar K, Hosseini SM, Salman BH. Mathematical modelling of tur-
bulent flow for flue gas—air Chevron type plate heat exchangers. Int J Heat Mass
Transf 2016;97:596-602. https://doi.org/10.1016/j.ijheatmasstransfer.2016.02.
035.

Li ZX, Gao YY. Numerical study of turbulent flow and heat transfer in cross-cor-
rugated triangular ducts with delta-shaped baffles. Int J Heat Mass Transf
2017;108:658-70. https://doi.org/10.1016/j.ijheatmasstransfer.2016.12.054.

Ma T, Du LX, Sun N, Zeng M, Sundén B, Wang QW. Experimental and numerical
study on heat transfer and pressure drop performance of Cross-Wavy primary sur-
face channel. Energ Convers Manage 2016;125:80-90. https://doi.org/10.1016/j.
enconman.2016.06.055.

Wang QW, Zhang DJ, Xie GN. Experimental study and genetic-algorithm-based
correlation on pressure drop and heat transfer performances of a cross-corrugated
primary surface heat exchanger. J Heat Trans T ASME 2009;131:061802https://
doi.org/10.1115/1.3090716.

Zhang LZ, Chen ZY. Convective heat transfer in cross-corrugated triangular ducts
under uniform heat flux boundary conditions. Int J Heat Mass Transf
2011;54:597-605. https://doi.org/10.1016/j.ijheatmasstransfer.2010.09.010.

Lu YH, Wang YP, Zhu L, Wang Q. Enhanced performance of heat recovery ventilator
by airflow-induced film vibration (HRV performance enhanced by FIV). Int J Therm
Sci 2010;49:2037-41. https://doi.org/10.1016/j.ijthermalsci.2010.06.001.
Bermejo-Busto J, Martin-Gémez C, Zuazua-Ros A, Baquero E, Miranda R.
Performance simulation of heat recovery ventilator cores in cascade connection.
Energ Build 2017;134:25-36. https://doi.org/10.1016/j.enbuild.2016.11.014.
Kays WM, London AL. Compact heat exchangers. 3rd ed. New York: McGraw-Hill
Book Company; 1984.

Dizaji HS, Jafarmadar S, Abbasalizadeh M, Khorasani S. Experiments on air bubbles
injection into a vertical shell and coiled tube heat exchanger; exergy and NTU
analysis. Energ Convers Manage 2015;103:973-80. https://doi.org/10.1016/j.
enconman.2015.07.044.

Sammeta H, Ponnusamy K, Majid MA, Dheenathayalan K. Effectiveness charts for
counter flow corrugated plate heat exchanger. Simul Model Pract Theory
2011;19:777-84. https://doi.org/10.1016/j.simpat.2010.10.012.

Rogiers F, Baelmans M. Towards maximal heat transfer rate densities for small-scale
high effectiveness parallel-plate heat exchangers. Int J Heat Mass Transf
2010;53:605-14. https://doi.org/10.1016/j.ijheatmasstransfer.2009.10.036.
Buckinx G, Rogiers F, Baelmans M. Thermal design and optimization of small-scale
high effectiveness cross-flow heat exchangers. Int J Heat Mass Transf
2013;60:210-20. https://doi.org/10.1016/j.ijheatmasstransfer.2013.01.014.
Gherasim I, Galanis N, Nguyen CT. Effects of dissipation and temperature-depen-
dent viscosity on the performance of plate heat exchangers. Appl Therm Eng
2009;29:3132-9. https://doi.org/10.1016/j.applthermaleng.2009.04.010.


https://doi.org/10.1016/j.rser.2018.11.017
https://doi.org/10.1016/j.rser.2012.01.009
https://doi.org/10.1016/j.csite.2017.10.003
https://doi.org/10.3390/en10091398
https://doi.org/10.1016/j.expthermflusci.2017.09.023
https://doi.org/10.1016/j.expthermflusci.2017.09.023
https://doi.org/10.1016/j.applthermaleng.2016.10.147
https://doi.org/10.1016/j.enconman.2010.10.020
https://doi.org/10.1016/j.enconman.2014.07.019
https://doi.org/10.1016/j.enconman.2014.07.019
https://doi.org/10.1016/j.apenergy.2014.05.004
https://doi.org/10.1016/j.apenergy.2014.05.004
https://doi.org/10.1016/j.expthermflusci.2010.05.007
https://doi.org/10.1016/j.applthermaleng.2017.05.005
https://doi.org/10.1016/S1359-4311(03)00083-8
https://doi.org/10.1016/S1359-4311(03)00083-8
https://doi.org/10.1016/S0017-9310(97)00168-3
https://doi.org/10.1016/S0017-9310(97)00168-3
https://doi.org/10.1016/j.apenergy.2017.03.095
https://doi.org/10.1016/j.apenergy.2017.03.095
https://doi.org/10.1016/j.apenergy.2016.04.079
https://doi.org/10.1016/j.ijheatmasstransfer.2016.02.035
https://doi.org/10.1016/j.ijheatmasstransfer.2016.02.035
https://doi.org/10.1016/j.ijheatmasstransfer.2016.12.054
https://doi.org/10.1016/j.enconman.2016.06.055
https://doi.org/10.1016/j.enconman.2016.06.055
https://doi.org/10.1115/1.3090716
https://doi.org/10.1115/1.3090716
https://doi.org/10.1016/j.ijheatmasstransfer.2010.09.010
https://doi.org/10.1016/j.ijthermalsci.2010.06.001
https://doi.org/10.1016/j.enbuild.2016.11.014
http://refhub.elsevier.com/S0196-8904(20)30392-7/h0115
http://refhub.elsevier.com/S0196-8904(20)30392-7/h0115
https://doi.org/10.1016/j.enconman.2015.07.044
https://doi.org/10.1016/j.enconman.2015.07.044
https://doi.org/10.1016/j.simpat.2010.10.012
https://doi.org/10.1016/j.ijheatmasstransfer.2009.10.036
https://doi.org/10.1016/j.ijheatmasstransfer.2013.01.014
https://doi.org/10.1016/j.applthermaleng.2009.04.010

S. Borjigin, et al.

[29]

[30]

[31]

[32]

[33]

[34]

Ferndndez-Torrijos M, Almendros-Ibéfiez JA, Sobrino C, Santana D. e&-NTU re-
lationships in parallel-series arrangements: Application to plate and tubular heat
exchangers. Appl Therm Eng 2016;99:1119-32. https://doi.org/10.1016/j.
applthermaleng.2016.02.003.

Guo ZY, Liu XB, Tao WQ, Shah RK. Effectiveness-thermal resistance method for
heat exchanger design and analysis. Int J Heat Mass Transf 2010;53:2877-84.
https://doi.org/10.1016/j.ijheatmasstransfer.2010.02.008.

Guo ZY, Zhu HY, Liang XG. Entransy—a physical quantity describing heat transfer
ability. Int J Heat Mass Transf 2007;50:2545-56. https://doi.org/10.1016/j.
ijheatmasstransfer.2006.11.034.

Cheng XT, Liang XG. Computation of effectiveness of two-stream heat exchanger
networks based on concepts of entropy generation, entransy dissipation and en-
transy-dissipation-based thermal resistance. Energ Convers Manage
2012;58:163-70. https://doi.org/10.1016/j.enconman.2012.01.016.

Rodriguez MBR, Rodriguez JLM, Fontes CHDO. Thermo ecological optimization of
shell and tube heat exchangers using NSGA II. Appl Therm Eng 2019;156:91-8.
https://doi.org/10.1016/j.applthermaleng.2019.04.044.

Delgado CB, Silva PD, Pires LC, Gaspar PD. Experimental study and numerical

[35]

[36]

[37]

[38]

[39]

Energy Conversion and Management 213 (2020) 112854

simulation of the interior flow in a telecommunications cabinet. Energy Proced
2017;142:3096-101. https://doi.org/10.1016/j.egypro.2017.12.450.

Guo ZY, Zhou SQ, Li ZX, Chen LG. Theoretical analysis and experimental con-
firmation of the uniformity principle of temperature difference field in heat ex-
changer. Int J Heat Mass Transf 2002;45(10):2119-27. https://doi.org/10.1016/
S0017-9310(01)00297-6.

Borjigin S, Ma T, Zeng M, Wang QW. A Numerical study of small-scale longitudinal
heat conduction in plate heat exchangers. Energies 2018;11:1727. https://doi.org/
10.3390/en11071727.

Chen ZL. An outdoor cabinet for communication equipment. China Patent,
Application Number: CN 204442884 U, 2015;1-12.

Utriainen E, Sundén B. Evaluation of the cross corrugated and some other candidate
heat transfer surfaces for microturbine recuperators. J Eng Gas Turb Power
2002;124(3):550-60. https://doi.org/10.1115/1.1456093.

Arsenyeva OP, Tovazhnyanskyy LL, Kapustenko PO, Khavin GL, Yuzbashyan AP,
Arsenyev PY. Two types of welded plate heat exchangers for efficient heat recovery
in industry. Appl Therm Eng 2016;105:763-73. https://doi.org/10.1016/j.
applthermaleng.2016.03.064.


https://doi.org/10.1016/j.applthermaleng.2016.02.003
https://doi.org/10.1016/j.applthermaleng.2016.02.003
https://doi.org/10.1016/j.ijheatmasstransfer.2010.02.008
https://doi.org/10.1016/j.ijheatmasstransfer.2006.11.034
https://doi.org/10.1016/j.ijheatmasstransfer.2006.11.034
https://doi.org/10.1016/j.enconman.2012.01.016
https://doi.org/10.1016/j.applthermaleng.2019.04.044
https://doi.org/10.1016/j.egypro.2017.12.450
https://doi.org/10.1016/S0017-9310(01)00297-6
https://doi.org/10.1016/S0017-9310(01)00297-6
https://doi.org/10.3390/en11071727
https://doi.org/10.3390/en11071727
https://doi.org/10.1115/1.1456093
https://doi.org/10.1016/j.applthermaleng.2016.03.064
https://doi.org/10.1016/j.applthermaleng.2016.03.064

	Performance enhancement of cabinet cooling system by utilizing cross-flow plate heat exchanger
	Introduction
	Methods
	Counter-flow cabinet cooling system and cross-flow cabinet cooling system
	ε-NTU method and effectiveness-thermal resistance method
	Assumptions
	Validation

	Results and discussion
	Effect of cabinet cooling system width
	Effect of cabinet cooling system length
	Effect of cabinet cooling system height
	Effect of mass flow rate

	Conclusions
	Credit authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	References




