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Abstract: Longitudinal heat conduction has a significant effect on the heat transfer performance of
plate heat exchangers, but longitudinal heat conduction is usually neglected in numerical studies
and the thermal design of a heat exchanger. In this paper, heat transfer models with and without
longitudinal heat conduction are proposed to analyze the effect of small-scale longitudinal heat
conduction in a plate heat exchanger. The performance of small-scale longitudinal heat conduction
is illustrated by temperature and heat flux contours in the heat transfer models with and without
longitudinal heat conduction. The results show that small-scale longitudinal heat conduction occurs
in the plate and a more uniform temperature profile of the plate is obtained due to small-scale
longitudinal heat conduction. In balanced flow, the contributions of longitudinal heat conduction
for counter-flow, cross-flow and parallel-flow plate heat exchangers are −3.15%, −0.09% and 0,
respectively, whereas, for the respective unbalanced flows they are evaluated to be −1.73%, 0.53%
and 0.05%, respectively. Moreover, it is observed that small-scale longitudinal heat conduction in
plates is influenced by the thermal conductivity of the plate. The higher the thermal conductivity,
the larger is the reduction of thermal performance. The contribution of longitudinal heat conduction
varies from −0.54% to −4.01%.

Keywords: plate heat exchanger; longitudinal heat conduction; heat transfer model;
heat flux distribution

1. Introduction

In a surface heat exchanger, heat is transferred from the hot fluid to the cold fluid through
a solid wall [1]. The log-mean temperature difference (LMTD) method and the number of heat
transfer unit (NTU) method are always used for heat exchanger design. Longitudinal heat conduction
(LHC), which is parallel to the solid walls, is usually neglected in these methods. The reason is that
the effect of LHC is ignored in both original LMTD method and NTU method at the beginning.
The computational fluid dynamics (CFD) simulation of heat exchanger is helpful for studying
thermal-hydraulic performance [2]. LHC in the wall is usually neglected in the CFD simulations
even though its effect is significant. LHC was neglected because the CFD simulation of heat exchanger
usually just considers the fluid domain. However, the conjugate heat transfer model of the solid wall
and fluid domain contains LHC in the solid wall.

Many researchers have studied the effect of LHC in the solid wall of different kinds of heat
exchangers for special conditions. Ranganayakulu et al. [3] measured the heat transfer characteristics
of plate-fin heat exchangers by the single-blow transient testing technique. The experimental results
were 20% lower than their CFD results [4] due to deviation in the boundary conditions and LHC in the
test core solid wall along the flow direction. In earlier studies [5–7], LHC, flow non-uniformity and
temperature non-uniformity effects on the heat transfer characteristics of plate-fin heat exchangers
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were studied. They found that LHC in the wall had significant effects in cross-flow and counter-flow
heat exchangers and the effect of LHC was negligible for the parallel-flow heat exchanger. They also
found that heat transfer performance was deteriorated quite significantly by the combined effects of
LHC, flow non-uniformity and temperature non-uniformity.

The effects of LHC on the inner and outer walls of the perforated plate matrix heat exchanger
(MHE) were studied by Venkatarathnam and Narayanan [8,9]. There is only one inner wall in MHE.
They found that the effectiveness of MHE was largely controlled by LHC through both the walls and
the performance degradation due to LHC in the inner wall was more severe. Raju et al. [10] found
that LHC through the outer wall could reduce effective NTU of a MHE significantly. The performance
deterioration was more severe at low mass flow rates or at high NTU operations. Later [11] they
presented an expression for effective NTU considering unbalanced flows and LHC through the both
inner and outer walls.

Arici [12] examined the conjugate heat transfer of both parallel-flow and counter-flow concentric
tube heat exchangers. The numerical results indicated that the effect of LHC was non-negligible only
for counter-flow conditions especially for low heat capacity ratio.

For cross-flow indirect evaporative air coolers, Heidarinejad et al. [13] got more precise results
by using a model with consideration of LHC through the wall than with the numerical results which
ignore LHC. Madhawa et al. [14] found that the deterioration in thermal performance of the evaporative
coolers due to LHC through the wall could be as high as 10%.

LHC has significant effect on the flow in microchannels. Lin and Kandlikar [15] developed a model
to analyze the effect of LHC on heat transfer during single-phase flow in microchannels. The results
showed for any tube material the effect of LHC in the wall was severe for gas flow and for water
the effect of LHC in the wall was not negligible only for high conductivity channel material or thick
channel wall. Numerical results of Rahimi and Mehryar [16] showed that LHC in the duct wall caused
a reduction in the local Nusselt number at the entrance and also a deviation in the local Nusselt number
at the ending regions of the microchannel. Maranzana et al. [17] proposed a non-dimensional axial
conduction (longitudinal heat conduction) number to quantify the effect of LHC. They suggested that
the effect of LHC could be neglected when the axial conduction number is less than 0.01. Lin et al. [18]
studied the effect of LHC for laminar flow in a circular tube by three evaluation criterion parameters
i.e., the axial conduction number, the modified axial conduction number and the temperature gradient
number. They found that, for constant outside wall temperature boundary condition, the effect of
LHC was non-negligible for both axial conduction numbers were below 0.01 and at this condition the
temperature gradient number could be used to quantify the effect of LHC.

Plate heat exchangers are usually applied for liquid to liquid heat exchange [19]. Miao et al. [20]
studied the heat transfer performance of plate heat exchanger by using the grey-box dynamic model.
The simulation results predicted by grey-box method were more suitable and accurate than the results
obtained by the white-box method. Ciofalo et al. [21] numerically simulated crossed-corrugated
(CC) geometry with various computational approaches and the results were compared with the
experimental measurements. The best agreements with the measured results were obtained by using
both low Reynolds number k-ε model (LRKE) and large eddy simulation (LES). Rogiers and the
co-workers [22,23] downsized both counter-flow and cross-flow plate heat exchanger without losing
thermal-hydraulic performance. They found that when plate heat exchanger was downsized at
a constant pressure drop the effectiveness exhibited a maximum due to LHC.

Plate heat exchangers developed for gas to gas heat exchange were reviewed by Wang et al. [1].
Ciofalo [24] separated the large-scale (end-to-end) LHC from the small-scale (local) LHC and studied
the effect of small-scale LHC in the plate. The author developed a network of resistance to evaluate the
effect of LHC in plate heat exchangers and compared the results with CFD predictions. However, most
of the above studies focused on large-scale LHC and only the effect of LHC on thermal performance
of the heat exchanger was studied. Doo et al. [25] investigated the effect of LHC in the plate of
CC primary surface heat exchanger. The numerical model of CC unit cell was used to study the
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thermal performance including LHC. They evaluated the effect of LHC by theoretical method and the
theoretically predicted results matched to that of the numerical simulations. Ma et al. [26,27] studied
small-scale LHC in the plate of cross-wavy (CW) primary surface heat exchangers. They calculated the
contribution of longitudinal heat conduction by using two different heat transfer models. They found
that the contribution of longitudinal heat conduction changed with the flow conditions and parameters
of the CW primary surface heat exchanger. They also found that the variation of some parameters
made the contribution of longitudinal heat conduction below zero. It means that small-scale LHC
degraded the thermal performance of the CW heat exchanger, so the effects of small-scale (local)
LHC either enhanced or degraded the thermal performance caused by the parameters of CW primary
surface heat exchanger.

A network of resistance-based method [24] calculated the effect of small-scale LHC from
computational result of heat transfer model with LHC as general heat transfer model and only
a simple two-dimensional model could be analyzed. In this paper, alternative three-dimensional
heat transfer models with and without LHC of a plate heat exchanger are proposed to study the
small-scale LHC. The small-scale LHC in the plate is prevented in heat transfer model without LHC
and occurs in the plate in heat transfer model with LHC. Not only the thermal performance of the plate
heat exchanger is analyzed, but also the local thermal field is obtained easily in this study. Moreover,
it is clear that the thermal conductivity of the plate has a significant effect on LHC in the plate and it is
conveniently to study different plate materials in heat transfer models with and without LHC. Effects
of small-scale LHC in cross-flow, counter-flow and parallel-flow plate heat exchangers for balanced
flow and unbalanced flow are studied. Plate thermal conductivity is also considered.

2. Physical and Numerical Model

The physical model of this numerical study is a gas-to-gas plate heat exchanger, which is used
in a cabinet cooling system. The computational domain includes one hot channel and one cold
channel. The channels are separated by two solid plates, as shown in Figure 1. The hot channel is
detached from the center and a periodic boundary is used between the detached surfaces. The size of
plate is 50 mm × 50 mm with a thickness of 0.2 mm and the distance between plates is 2.5 mm.
The computational models are established for cross-flow, counter-flow and parallel-flow plate
heat exchangers.
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Figure 1. Computational domain of plate heat exchanger.

Both hot fluid and cold fluid are considered as incompressible, turbulent and steady. In the
Cartesian tensor system, the continuity, momentum and energy equations are described as
follow [26,28]:

∂

∂xi
(ρui) = 0, (1)

∂

∂xj
(ρuiuj) = −

∂p
∂xi

+
∂

∂xj

[
µ

(
∂ui

∂xj
+

∂uj

∂xi
− 2

3
δij

∂uk
∂xk

)]
+

∂

∂xj
(−ρu′iu′ j), (2)

∂

∂xi
[ui(ρE + p)] =

∂

∂xj

[(
λ +

cpµt

Prt

)
∂T
∂xj

]
, (3)



Energies 2018, 11, 1727 4 of 15

where E is the total enthalpy, µt is the turbulent viscosity, Prt is the turbulent Prandtl number, ρu′iu′ j is
defined as:

− ρu′iu′ j = µt

(
∂ui

∂xj
+

∂uj

∂xi

)
− 2

3

(
ρk + µt

∂uk
∂xk

)
δij, (4)

Plate heat exchangers are always studied by CFD simulations and a good agreement with
experimental results were obtained by using low Reynolds number k-ε model (LRKE) for both
liquid [21] and gas [29]. LRKE is used in this study. In LRKE the turbulence kinetic energy k and
turbulence dissipation rate ε are solved using following equations [26]:

∂
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, (6)

The governing equations are solved by using the finite volume method. The second upwind
differential scheme and SIMPLE algorithm are applied.

The Reynolds number ReH based on channel height, i.e., distance between the plates, is always
applied for dimpled plate channel and baseline flat plate channel in both numerical [30,31] and
experimental studies [32]. The Reynolds number ReH used in this study is given as:

ReH =
ρUH

µ
, (7)

where U is the area-averaged velocity in the channel.
The Nusselt number Nu is defined as:

Nu =
qH

λ(Tw − Tf)
, (8)

where q is the average heat flux through the solid plate and the flow average temperature Tf is:

Tf =
Tin + Tout

2
, (9)

The Fanning friction factor f is defined as:

f =
∆pH

2ρU2L
(10)

where ∆p is the pressure loss in the channel and L is the channel length in flow direction.

3. Heat Transfer Models with and without Longitudinal Heat Conduction

Actual heat transfer process in a plate heat exchanger includes transverse heat conduction (THC)
and longitudinal heat conduction (LHC), as shown in Figure 2. The plate absorbs the heat from the
hot fluid and releases it to the cold fluid by THC. The heat transfer model with LHC as general heat
transfer model includes both THC and LHC. The heat flux between fluids is mainly transferred by
the THC, whereas in plate the heat flux is transferred by LHC, the LHC heat flux qLHC for every
infinitesimal element can be defined as:

qLHC = qc − qh, (11)
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where qc and qh are cold side heat flux and hot side heat flux, respectively.
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The heat transfer model without LHC prevents small-scale LHC in the plate. The side surfaces of
every infinitesimal element in the plate perpendicular to longitudinal directions are imposed adiabatic
boundaries [26,27]. There is no LHC between infinitesimal elements, as shown in Figure 3.
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(b) Heat transfer model without LHC.

The heat transfer model without LHC is established to study the effect of small-scale LHC.
The effect of small-scale LHC is clearly illustrated by temperature and heat flux contours of the heat
transfer models.

In the present study, the contribution of longitudinal heat conduction η, which is obtained from
the difference of average heat flux of the heat transfer models with LHC qwi and without LHC qwo,
is defined as:

η =
qwi − qwo

qwi
, (12)

The contribution of longitudinal heat conduction η can be used to describe the effect of
small-scale LHC. If the value is above zero, the effect of small-scale LHC enhances the thermal
performance of the heat exchanger. Else, the effect of small-scale LHC reduces the thermal performance
of the heat exchanger.
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4. Grid Independence and Code Validation

In this paper, the parameters in the heat transfer models with and without LHC for cross-flow,
counter-flow and parallel-flow plate heat exchangers are the same. The heat transfer model with LHC
of the cross-flow plate heat exchanger is used to test the grid independence. The average heat flux
and the pressure loss of hot flow along with the cell number of the model are shown in Figure 4.
The average heat flux and the pressure loss are stable when the cell number is greater than 0.4 million.
Models with 0.52 million cells are chosen to get the stable results and save the computational time.
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The baseline Nusselt number Nu0 and the Fanning friction factor f 0 in flat plate channel for
transitional conditions are summarized by Zhang and Che [33], as follows:{

Nu0 = 0.3726(Re0.8
H − 57.4)Pr0.4( Tf

Tw
)

0.45

f0 = 0.06651Re−0.25
H

, 1150 ≤ ReH ≤ 2500, (13)

They are used to validate the numerical code. The simulation results of this study for Reynolds
number ReH from 1250 to 2430 show good agreements with both the baseline Nusselt number Nu0 and
the Fanning friction factor f 0. The maximum deviations of the Nusselt number and the Fanning friction
factor are 4.9% and 9.7%, respectively. It validated that the present numerical method is reliable.

The distributions of heat flux on the plate surface of cross-flow plate heat exchanger are shown
in Figures 5–7. It is shown that the absolute values of hot side heat flux qh distribution and cold
side heat flux qc distribution of the heat transfer model with LHC are nearly symmetrical along the
diagonal of the plate. The absolute values of hot side heat flux qh distribution and cold side heat flux
qc distribution of the plate of the heat transfer model without LHC are the same, which means that
only THC occurs in the plate. It is proved by LHC heat flux qLHC distribution in the plate of cross-flow
plate heat exchanger of the heat transfer model without LHC as shown in Figure 7b. Compared with
real LHC heat flux qLHC distribution of the heat transfer model with LHC, as shown in Figure 7a,
the LHC heat flux qLHC in the heat transfer model without LHC is negligible. For counter-flow and
parallel-flow plate heat exchangers, the heat transfer model without LHC acts the same. It is indicated
that small-scale LHC is prevented in heat transfer model without LHC. So the effect of small-scale
LHC is analyzed well by the heat transfer models with and without LHC.
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5. Results and Discussion

5.1. Effect of Small-Scale Longitudinal Heat Conduction on Balanced Flow

Balanced flow and unbalanced flow are always considered in the number of heat transfer unit
(NTU) method for heat exchanger design [11]. Balanced flow means heat capacity rates of cold flow
and hot flow are the same i.e., Cc/Ch = 1.

The small-scale LHC in the plate can be studied by the heat transfer models with and without
LHC. The effect of LHC is clearly illustrated by the distributions of temperature and LHC heat flux.
The temperature distributions of the plate in balanced flow for cross-flow and counter-flow plate heat
exchangers are shown as Figures 8 and 9, respectively.
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For balanced flow, the average heat flux, contribution of longitudinal heat conduction, and plate
temperature difference of different type of plate heat exchangers are summarized in Table 1. It is clear
that a more uniform temperature profile of the plate is obtained due to small-scale LHC. The plate
temperature differences in the cross-flow plate heat exchanger heat transfer models with and without
LHC are 5.84 K and 16.44 K, respectively, and for counter-flow they are 5.37 K and 14.95 K. It means
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that in cross-flow and counter-flow plate heat exchangers non-negligible small-scale LHC occurs in
the plate.

Table 1. Results of calculation for different heat exchangers in balanced flow: average heat flux q;
contribution of longitudinal heat conduction η; plate temperature difference.

Type of Heat Exchanger
q, W/m2

η, %
Plate Temperature Difference, K

wi wo wi wo

Counter-flow 680.67 702.13 −3.15 5.37 14.95
Cross-flow 667.96 668.57 −0.09 5.84 16.44

Parallel-flow 660.52 660.52 0 0.01 0.04

Actually, for balanced flow, small-scale LHC is very strong in both cross-flow and counter-flow
plate heat exchangers. It is clearly shown from LHC heat flux distributions of the counter-flow and
cross-flow plate heat exchangers heat transfer model with LHC, as indicated in Figures 10a and 11a,
respectively. The contributions of longitudinal heat conduction η of cross-flow and counter-flow plate
heat exchangers are −0.09% and −3.15%, respectively. This means that, for balanced flow, the effect of
small-scale LHC reduces the heat transfer performance of counter-flow plate heat exchanger. However,
the small-scale LHC has little effect on the heat transfer performance of cross-flow plate heat exchanger
in balanced flow.
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The plate temperature differences in parallel-flow plate heat exchanger heat transfer model with
and without LHC are 0.01 K and 0.04 K, respectively. For balanced flow, LHC heat flux distribution
of parallel-flow plate heat exchanger using heat transfer model with LHC is shown in Figure 12a.
It observed that a very weak small-scale LHC occurs in the plate and small-scale LHC has no effect
on the heat transfer performance of parallel-flow plate heat exchanger in balanced flow. Actually,
the contribution of longitudinal heat conduction η is zero in this condition.
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5.2. Effect of Small-Scale Longitudinal Heat Conduction on Unbalanced Flow

In this section, two kinds of unbalanced flow are considered first. Their ratios of heat capacity
rates are Cc/Ch = 1.8 and Ch/Cc = 1.8, respectively. It is found that small-scale LHC has similar effects
in both conditions for counter-flow, cross-flow and parallel-flow plate heat exchangers, so, only one of
them is considered in this study, for which the ratio of heat capacity rates is Ch/Cc = 1.8.

For unbalanced flow, the plate temperature difference in counter-flow plate heat exchanger
heat transfer models with and without LHC is 5.53 K and 13.85 K, respectively. The former one is
bigger than that in balanced flow and the latter one is smaller. It is indicated that small-scale LHC is
weaker in unbalanced flow than that in balanced flow. It is clearly illustrated by the plate LHC heat
flux distributions of counter-flow plate heat exchanger in Figure 10. For unbalanced flow, average
heat flux; contribution of longitudinal heat conduction; plate temperature difference of different
type of plate heat exchangers are summarized in Table 2. In this condition, the average heat flux of
the plate for unbalanced flow and balanced flow are 869.495 W/m2 and 680.67 W/m2, respectively.
Moreover, the variation of LHC heat flux for unbalanced flow and balanced flow are 4803 W/m2 and
5071 W/m2, respectively.

Table 2. Results of calculation for different heat exchangers in unbalanced flow: average heat flux q;
contribution of longitudinal heat conduction η; plate temperature difference.

Type of Heat Exchanger
q, W/m2

η, %
Plate Temperature Difference, K

wi wo wi wo

Counter-flow 869.495 884.515 −1.73 5.53 13.85
Cross-flow 858.225 853.685 0.53 6 15.52

Parallel-flow 853.53 853.085 0.05 0.64 2.99

Similarly, for a cross-flow plate heat exchanger, the small-scale LHC is weaker in unbalanced
flow than that in balanced flow. The plate LHC heat flux distributions are shown in Figure 11.
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And, plate temperature difference in cross-flow plate heat exchanger heat transfer models with and
without LHC are 6 K and 15.52 K, respectively.

Many researchers have pointed out that LHC degraded the heat transfer performance [6,9].
It is easily found that the heat transfer performance is greatly reduced by a strong LHC effect. In this
study, a similar situation is obtained by using heat transfer model with LHC. It is indicated the weaker
small-scale LHC achieves higher heat transfer performance, so less reduction of the heat transfer
performance occurs for a counter-flow plate heat exchanger in the unbalanced flow as compared
with the balanced flow. The contribution of longitudinal heat conduction η for counter-flow heat
exchanger in unbalanced flow and balanced flow are−1.73% and−3.15%, respectively. For a cross-flow
plate heat exchanger they are 0.53% and −0.09%, respectively. For unbalanced flow, the heat transfer
performance of cross-flow plate heat exchanger is enhanced slightly. For unbalanced flow, the LHC
heat flux distribution of parallel-flow plate heat exchanger of heat transfer model with LHC is shown
in Figure 12b. Small-scale LHC is very strong in this condition. However, the effect of small-scale LHC
on the heat transfer performance is still very small. The contribution of longitudinal heat conduction η

is 0.05%.

5.3. Effect of Plate Thermal Conductivity on Small-Scale Longitudinal Heat Conduction

Both THC and LHC are strongly influenced by the thermal conductivity λm of the plate
material. Three different materials have been studied i.e., stainless-steel (λm = 15.1 W/(m·K)),
brass (λm = 109 W/(m·K)) and silver (λm = 427 W/(m·K)). A counter-flow plate heat exchanger in
balanced flow is used to study the effect of different materials.

For all the materials, the numerical results of the heat transfer model without LHC are the
same. It is thus indicated that the thermal resistance in the transverse direction is negligible, even for
stainless-steel due to the much lesser thickness of the plate, so the different materials have the same
effect on the plate THC.

The silver plate heat exchanger achieves the strongest small-scale LHC due to its highest thermal
conductivity λm. This is clearly shown in Figures 13a, 14a and 15a. The higher the thermal conductivity
λm, the bigger is the plate LHC heat flux. As shown in Figures 13b, 14b and 15b, the stronger the
small-scale LHC the more uniform a temperature profile of the plate is obtained. For different plate
materials, the average heat flux, contribution of longitudinal heat conduction, and plate temperature
difference of a counter-flow plate heat exchanger are summarized in Table 3.Energies 2018, 11, x FOR PEER REVIEW  12 of 16 
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Table 3. Results of calculation for different plate materials counter-flow plate heat exchanger in balanced
flow: average heat flux q; contribution of longitudinal heat conduction η; plate temperature difference.

Plate Material/Thermal
Conductivity, W/(m·K)

q, W/m2
η, %

Plate Temperature Difference, K

wi wo wi wo

Stainless-steel/15.1 698.04 701.81 −0.54 11.55 14.94
Brass/109 687.84 702.11 −2.07 7.46 14.95
Silver/427 675.05 702.145 −4.01 3.82 14.95

The contributions of longitudinal heat conduction η for stainless-steel, brass and silver under the
same conditions are −0.54%, −2.07% and −4.01%, respectively. It is indicated that a plate with high
thermal conductivity λm, such as silver plate, has a strong influence on LHC and reduces the thermal
performance significantly.

6. Conclusions

The longitudinal heat conduction in plate heat exchangers is investigated in this paper.
Heat transfer models with and without longitudinal heat conduction are established to study the
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small-scale longitudinal heat conduction. The performance of small-scale longitudinal heat conduction
is illustrated by temperature and heat flux contours in the heat transfer models with and without
longitudinal heat conduction. The conclusions could be summarized as follows:

(1) Small-scale longitudinal heat conduction occurs in the plate and a more uniform temperature
profile of the plate can be obtained due to small scale longitudinal heat conduction. In balanced
flow, the contributions of longitudinal heat conduction of counter-flow and cross-flow plate
heat exchangers are −3.15% and −0.09%, respectively. The effect of small-scale longitudinal
heat conduction reduces the heat transfer performance significantly for counter-flow plate heat
exchanger, whereas for cross-flow plate heat exchanger the heat transfer performance is reduced
slightly. For the parallel-flow plate heat exchanger small-scale longitudinal heat conduction
is very weak and the contribution of longitudinal heat conduction is zero. The small-scale
longitudinal heat conduction has no effect on parallel-flow plate heat exchanger in balanced flow.

(2) In unbalanced flow, the small-scale longitudinal heat conduction is weakened for both
counter-flow and cross-flow plate heat exchangers. The contributions of longitudinal heat
conduction of these two heat exchangers are −1.73% and 0.53%, respectively. For counter-flow
plate heat exchanger, the effect of small-scale longitudinal heat conduction reduces the heat
transfer performance lesser than that in balanced flow, whereas the effect of small-scale
longitudinal heat conduction enhance the heat transfer performance of cross-flow plate heat
exchangers. For parallel-flow plate heat exchanger, the small-scale longitudinal heat conduction
is strengthened significantly in unbalanced flow. However, the contribution of longitudinal heat
conduction is only 0.05%.

(3) The small-scale longitudinal heat conduction is influenced by thermal conductivity of the plate.
The contributions of longitudinal heat conduction for counter-flow stainless-steel, brass and silver
plate heat exchangers in balanced flow are −0.54%, −2.07% and −4.01%, respectively. The higher
the thermal conductivity of the plate, the stronger the small-scale longitudinal heat conduction
and the larger the thermal performance reduction.
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Nomenclature

C heat capacity rate, W/K
cp specific heat, J/(kg·K)
f Fanning friction factor
f 0 baseline Fanning friction factor
H channel height
k turbulence kinetic energy
L plate length, m2/s2

Nu Nusselt number
Nu0 baseline Nusselt number
p static pressure
Pr Prandtl number
Prt turbulent Prandtl number
q heat flux, W/m2

qLHC longitudinal heat conduction heat flux, W/m2

q average heat flux, W/m2
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ReH Reynolds number based on channel height
T temperature, K
U area-averaged velocity in inlet section, m/s
u velocity, m/s
Greek
η contribution of longitudinal heat conduction, %
λ fluid thermal conductivity, W/(m·K)
λm solid thermal conductivity, W/(m·K)
µ dynamic viscosity, Pa·s
µt turbulent viscosity
ρ density, kg/m3

Subscripts
i, j 1, 2, 3
c cold side
h hot side
f flow
w solid wall
in inlet
out outlet
wi heat transfer model with longitudinal heat conduction
wo heat transfer model without longitudinal heat conduction
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