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Abstract

In this paper selected numerical modelling problems for an advanced thermal-FSI ("Fluid Solid Interaction") mini-channel heat
exchanger model are presented. Special attention is given to the heat transfer between the separated mediums for different
mass flows. Similar modelling problems have also been discussed in the literature dedicated to numerical and theoretical
modelling problems for typical heat exchangers [1, 2, 3]. Basic tests, including a comparison with experimental data, have
been conducted using a Mini-channel Plate Heat Exchanger (MPHE). The MPHE was made out of two gasketed brazed
plates with 40 mm long rectangular cross section channels (width—1 mm, depth—700 um).The thermal-FSI analysis was
applied for the heat exchanger model with one hot and one cold water flow passage through the mini-channels. Satisfactory

agreement between the modelling results and the experimental data [4] was obtained.
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1. Introduction

High temperatures induce thermal stress and are present
in many engineering applications and analyses. Therefore,
heat transfer and thermal management are very important
design parameter for many products. Failure to control heat
can lead to major safety and efficiency problems. Ther-
mal management mostly includes: material deformation and
stress from heat, the efficient removal of heat, the impact of
thermal cycling on the durability of the device, appropriate
heating for the activation of thermocatalytic reactions, and
the desired operation of heat exchangers [1, 2, 3]. In recent
years, heat exchanger manufacturer focused on the reduc-
tion of the products size and weight as well as on ways to
reduce costs of production, increase reliability, boost the ef-
ficiency of heat transfer, increase lifecycle, and meet energy
efficiency and emission requirements of contemporary strin-
gent standards [4, 5, 6, 7, 8, 9, 10, 11].

A high heat transfer rate using minimum pumping power
and space are very important aspects in current heat ex-
changer design strategies [9, 10, 11, 12, 13, 14, 15]. When
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low thermal conductivity fluids are used in the heat ex-
changer, there is a need to increases the heat transfer
rate. One way to improve the heat transfer rate with low
conductivity fluids is to introduce a disturbance in the fluid
flow, but this solution can lead to a significantly increase
in pumping power followed by unacceptably high system
costs [14, 15, 16, 17, 18]. Therefore, other techniques are
used to achieve the desired heat transfer rate at an econom-
ical pumping power [18, 19, 20, 21, 22, 23, 24, 25, 26, 27].
One technique in order to increase the heat transfer rate is
the optimization of the heat exchanger geometry [20, 21, 22].
Another way in order to increase the heat transfer rate is
to increase the heat transfer coefficient, reducing the hy-
draulic diameter of the channel, or to use corrugated (or
rough) channel walls. These methods are used in order to
increase the thermal performance of the heat transfer de-
vice. When the dimensions of the exchanger channels reach
a size in the micro- or nano-meter range, laminar flow con-
ditions should apply as the pressure drop becomes exces-
sively high [17, 18]. At this stage, during design process, ad-
ditional filters removing impurities from the working fluid have
to be considered [1, 2, 3, 4, 23, 24, 25, 26, 27]. In addition,
during the modelling stage of the heat exchanger with micro-
and nano-channels, slip on the channel walls phenomena
should be included. At the nano-scale, this slip effect on the
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wall is a very important issue which has been described in
many papers [28, 29, 30, 31, 32, 33, 34].

In many applications, heating and cooling of solid struc-
tures and maintaining thermal boundary conditions are di-
rectly coupled to the solid and fluid interface. Therefore, dur-
ing the design process the thermal interaction between the
working fluid and the solid structure should be taken into ac-
count [35, 36, 37]. Thermal-FSI (“Fluid Solid Interaction”)
tools can be efficiently used for such a full coupled thermal
fluid flow and thermal structure analysis [38, 39].

Nowadays, the numerical analysis allows to: determine the
temperature in situations where local temperature measure-
ments are difficult to obtain [40, 41, 42, 43], select the correct
grade of material for each of the sub-components [44, 45,
46, 47], a suitable selection of the wall thickness and cor-
responding shapes at the design stage [20, 21, 22], assess
the viability of components, and an on-line monitoring of the
thermal stresses [48, 49, 50].

In this paper selected numerical modelling problems for
an advanced thermal-FSI ("Fluid Solid Interaction") mini-
channel heat exchanger model are presented. Special atten-
tion is given to the heat transfer between the separated medi-
ums for different mass flows. Basic tests, including a com-
parison with experimental data, have been conducted using
a Mini-channel Plate Heat Exchanger (MPHE). The thermal-
FSI analysis was applied for the heat exchanger model with
one hot and one cold water flow passage through the mini-
channels. Satisfactory aggreement between the modelling
results and the experimental data [4] was obtained.

2. Geometry and discretization of heat exchanger with
mini-channels

In order to conduct a thermal-FSI analysis, | version of the
MPHE geometry was selected:a heat exchanger with un-
modified mini-channels. A 3D geometrical model of a mini-
channel heat exchanger made out of two gasketed brazed
plates with 40 mm long rectangular cross section channels
(width—1 mm, depth—700 um) was built with one closing
plate and two fluid domains. The distance between the
mini-channels was 1 mm, and the heat transfer area was
0.00694 m2. The full geometry of the analyzed heat ex-
changer with mini- channels (which includes the fluid and the
solid domains) adopted to thermal-FSI simulations is shown
in Fig. 1. Inlets, outlets, and flow directions of the working
fluids are highlighted in Fig. 1. Details of the MPHE geome-
try and the experiment carried out by Mikielewicz and Wajs
in 2017 can be found in reference [4]. In order to better dis-
cretize the process, the geometry of the collector zone which
contributed to the creation of the higher quality mesh was
simplified. The 3D MPHE model (which contains solid and
fluid domains) was discretized using a finite volume method
(FVM). The FVM discretization of a solid plate with mini-
channels is presented in Fig. 2a. In the fluid domains, the
grid size of the mini-channel zones were decreased. Please
see magnified details in Fig. 2b. All results considered in this
work are presented in two planes which cross the plates of

Plate with
Outler] ~ Mini-channels 2 Qutlet 2

Fluid 1

Collectors

Closing plate

Plate with
mini-channels 1

Mini-channels

Inlet 1 Inlet 2

Figure 1: Full 3D geometry of the MPHE (including fluids and solids do-
mains) adopted to Thermal-FSI analysis with highlighted inlets, outlets and
flow directions for the working fluid

the MPHE at the middle section of the mini-channels height.
The first plane (in this work called cold plane) crosses the
mini-channel plate with the cold (or heating) fluid domain.
The second plane (in this article called hot plane) crosses
the mini-channel plate which includes the heating (or cool-
ing) fluid domain.

3. Thermal-FSI approach

The thermal-FSI analysis is a part of the science dedi-
cated to describe of energy transport and conversion within
a thin layer occurring in a contact with the solid and the
fluid [2, 51]. With the thermal-FSI approach, the basic as-
sumption is that both, the solid deformation and the fluid flow,
are governed by the same kind of momentum conservation
which should be adequately expressed for an effective fluid-
solid thermal energy exchange [52, 53, 54]. This assump-
tion means that the momentum and the energy equations
are solved using the same grid for both, the solid and the
fluid. In difference to the Momentum-FSI (more information
on the momentum-FSI can be found in [55, 56, 57]), where
the exchange of momentum between solid and fluid is the
main phenomena, the thermal-FSI equation for the energy
plays the main role in both directions (from solid to fluid and
vice versa) of energy transport [2]. In thermal-FSI flow equa-
tions (for the fluid domain) are solved by a CFD (Computa-
tional Fluid Dynamics) solver, the response of the solid body
is obtained by using a CSD (Computational Solid Dynamics)
solver.

3.1. The set of CFD balance equations

In fluid domain the starting point for the CFD computation
is to define a universal set of mass, momentum and energy
balance equations for the fluid as followed:

e balance of mass—p:

3, (p) +div (pv) = 0 (1)
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Figure 2: FVM discretization of: a) the solid plate with mini-channels, b) the
working fluid domain with highlighted flow direction

Ouﬂet

e balance of momentum—opv:

0; (ov) + div (ov @ v + pl) = div () + pb (2)

e balance of energy—e:
0; (pe) + div (pev + pv) = div (TCV + q?luid) +pb-v (3)

where: p = p(x,)—fluid density, which generally depen-
dents on the time ¢ and the location x, v = v;e,—fluid ve-
locity, p—thermodynamical pressure, I = §;;¢; ® e;—unity
tensor, v = 7 + R + D—the viscous, turbulent and dif-
fusive flug( of momentum, b—mass force of Earth gravity,
e = u + >—which is the sum of the internal and kinetic en-
ergy, q,szuid =q+q" + " + ..—total heat flux in the fluid. In
order to take into account the influence of turbulent transport
of the momentum and the turbulent transport of heat, the
fluid should possess a set of additional equations governing
the evolution for turbulent primary parameters, for instance
turbulent kinetic energy k and turbulent dissipation energy
w [56, 57]:

8, (pk) + div (pkv) = div (Ji) + S (@)

0r (pw) + div (pwv) = div(J,) + S (5)

where: Ji, J,—diffusive flux of k£ and diffusive flux of w
with sources Sy, S, (various definitions from different au-
thors exist in the literature). For each finite volume of the
computational grid seven equations were solved (one for
mass, energy, k and w transport balance equation and three
momentum balance equations). The five balance equation
(which consist of one mass balance equation, three mo-
mentum balance equations and one energy balance equa-
tion) and two evolution equations for parameters defining
turbulence (equation for turbulent kinetic energy evolution
k and equation for turbulence dissipation evolution w) have
been described by Badur [3, 51, 58]. The turbulent viscos-
ity in (4) and (5) is computed by combining £ and w as fol-
lows [1, 3, 51, 57, 58]: .
£ (6)
For low fluid velocities (laminar-turbulent transitions) the co-
efficient & damps the turbulent viscosity causing a low Re,

number correction. It is given by [1, 3, 51, 57, 58]:
s (XS + Re; /Ry 7
@ = ReR, 7

H =

where: aj = 0.024, Ry = 6, Re, = %. For full turbulent flows
the coefficient " is equal 1.

3.2. The set of CSD balance equations

In analogy to the CFD set of governing equations, the ap-
propriate set of CSD governing equations is determined as
followed [2, 55, 56]:

e balance of mass—p:
;(p) +div(pv) =0 (8)
e balance of momentum—opv:
0; (pv) + div (pv® v) = div (o) + pb 9)
e balance of energy—e:

9, (pe) + div (pev) = div(ov + q5 ) + . (10)
where: o—elastic stress tensor, qfoh. ,—total heat flux in the
solid, S .—source. To the set of CSD governing equations, an
additional evolution equations describing the behavior of the
solid material can be added e.g.: evolution of plastic strain,
evolution of kinematic hardening, evolution of isotropic hard-
ening etc. [55, 56]. Here, CSD is a point-blank analogy for
CFD (Computational Fluid Dynamics). Both methods use
the same balance equations (mass, momentum and energy).
A discretization method for the CSD and CFD is arbitrary
(FEM, FVM, etc.) but the governing equations are identical.

This architecture, solving the equation, greatly simplifies the
thermal-FSI analysis [56].
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The CSD analysis mostly allows to determine the materi-
als deformation, stresses and the structural changes in ma-
terials due to the heating or cooling process. The material
strain along the contact line with the fluid wall should be fully
coupled. For this reasons, a re-meshing or a moving mesh
method should be used.

In our case, the maximum temperature of the fluid is rela-
tively low (below 100°C), for which reason it is assumed that
the deformations of the MPHE plates are small too, allowing
to skip the momentum and the mass balance consideration
for the solid body. This assumption causes the thermal-FSI
analysis to couple only in one way (from the fluid to the solid
domain).

3.3. Coupling energy balance equation in the fluid-solid con-
tact layer

When analysing the transport of heat across the solid-fluid
contact layer, one should consider the exact nature of a non-
linear equation for the thermal motion. In practice, the bal-
ance of energy (equation (3) for the fluid domain and equa-
tion (10) for the solid domain) is the governing equation for
the field of temperature T = T (x,1). According to the prin-
ciple of producing energy “ex nihilo” in the energy equation,
there is no internal sources of energy and the change of en-
ergy e is the only governing energy flux. The most impor-
tant flux describing the thermal motion is the dynamics of
the Stokes-Rankine heating energy flux heat: q?—for fluids
and q?—for solid materials [2, 58].

State of the art thermal-FSI has no possibilities for numeri-
cal solution of the full energy balance within the thermal con-
tact layer (equation 8 in [2]). The first reason is the insuffi-
cient development of the Finite Element Method as well as
of the Finite Volume Method [2, 58]. Actually, both methods
are prepared only in order to solve simultaneously only one
part of the equation in the following form:

qfn;+qf -0 =0 (11)

where: ny and ng are normal vectors for the fluid and the
solid, respectively. Applying the thermal-FSI by coupling the
energy balance within the thermal contact layer in this simpli-
fied approach is shown in Fig. 3. The total heat flux through
the contact layer between the fluid and the solid can be de-
termined as followed [59]:

qf = A/ grad(T) (12)

q5, = Agrad(T) (13)

The thermal-FSI is based on the concept of functionally
changing the heat diffusion coefficients (thermal conductiv-
ity) to the nearest neighbouring of the surface contact, for
instance A/ = Af(Re, y*, 6, etc.) [2, 58]. More details about
heat flux components can be found in [1, 2, 3, 51, 58].

Thermal-FSI approach

Figure 3: Realization of Thermal-FSI by coupling of energy balance within
the thermal contact layer, where: q¢—total diffusive heat flux in the solid
body; q?—total diffusive heat flux in the fluid domain; 7,—solid temperature;
T ;—fluid temperature; n—normal vector

Table 1: Boundary conditions adopted to Thermal-FSI analysis of the
MPHE, where: T.—cold fluid temperature at the inlet; T;l—hot fluid tem-
perature at the inlet; V.—volume flow rate of cold fluid; V,—volume flow
rate of hot fluid

Cold side Hot side
Case T.,°C V,lh T,,°C Vj,Ih
I 9.1 50 92.6 50
Il 7.4 250 91.8 250
1 6.6 500 92.9 400

4. Boundary conditions adopted to Thermal-FSI analy-
sis

Modelling conditions have been taken from the descrip-
tion of an experiment [4], originally conducted at the Gdansk
University of Technologies. In the presented paper, special
attention is given to the heat transfer between the separated
mediums for different mass flows. The thermal-FSI analysis
has been conducted in the model for the heat exchanger con-
sisting of one hot and one cold passage of the water passing
through mini-channels between the plates. The basic tests
includes a comparison with experimental data which have
been obtained using the | version of the MPHE geometry.
The boundary conditions adopted by the thermal-FSI analy-
sis are shown in Table 1. For case | of boundary conditions,
a numerical analysis with a laminar flow was performed. For
the remaining cases, the performed simulation uses a k-w
SST turbulence model with a low Reynolds number correc-
tion. More details about the experiment and the experimental
conditions can be found in [4].

5. Results of Thermal-FSI analysis and comparison with
experimental data

For the geometry of the MPHE shown in the Fig. 1, the
thermal-FSI analysis has been conducted in the model for
one hot and one cold water passage through the mini-
channels which housed in plates. The thermal-FSI analysis
includes the heat transfer between the separated mediums
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for different mass flows. The analysis was conducted for a
counter-current flow of the working fluids (hot and cold wa-
ter), identical to the experiment. The numerical results are
as followed: the hot fluid temperature at the outlet of the
heat exchanger, the cold fluid temperature at the outlet of
the heat exchangers and heat flux, were compared with the
experimental data. The results are expressed in local and
integral form. For the integral interpretation, the equation for
the heat flux is defined as [60]:

0 =c,Vp(T, - T),) (14)

where: c¢,—specific heat capacity at constant pressure
[kd/kgK]; V—volume flow rate [m?/s]; p—density [kg/m?];
T,—hot fluid temperature at the inlet [K]; 7, —hot fluid tem-
perature at the outlet [K]. Similar definition of the equa-
tion (14) was used in [61, 62, 63] in order to determine
the energy balance of the heat exchanger using numerical
or analytical calculations. However, the formulation men-
tioned above is also corrected determining the total rate of
the heat transfer between the two fluids for the experimen-
tal results [17, 28, 35] (this works also describes a similar
experiment).

In Fig. 4a and 4b show the temperature distribution for
case | with the corresponding boundary conditions for the
cold plane and the hot plane. Inlets for both, hot and cold wa-
ter, are located at the bottom of the figures. Results for the
remaining cases are presented in the same way as in Fig. 4.
Temperature distributions on the cold plane and the hot plane
for the cases Il and Il with the corresponding boundary con-
ditions are shown in Fig. 5 and Fig. 6, respectively.

Independently from the boundary conditions, the hot fluid

is cooling and the cold fluid is being heated. This is par-
ticularly noticeable in the mini-channels zones (see Fig. 4a
and 4b below). The cold fluid temperature is the biggest in
the regions close to the mini-channel walls at the outlet to
the outlet collector (see Fig. 4a below). In the central zone
of the cold mini-channel, the water temperature is still low
(Fig. 4a below). Hence, the outlet collector zone we can
be considered as a “cold jet” heating the fluid (see Fig. 4a
above). The same phenomena is noticeable for the hot wa-
ter. Thermal-FSI results shows that for the analyzed MPHE
the hydraulic diameter of the channels can be reduced in or-
der to enhancement the heat transfer, but this approach can
leads to a significant increase in pumping power. The numer-
ical results also show that with an increasing mass flow the
outlet temperature of the hot water is higher and the outlet
temperature of the cold water lower.
Table 2 presents the numerical and experimental results for
the outlet temperatures (both for hot and cold water) for all
cases considered . Additionally, the table presents the re-
sults of the heat flux transferred in the MPHE for all cases of
boundary conditions. Results (both outlet temperatures and
heat fluxes) obtained using thermal-FSI tool agree very well
with the experimental data for all cases analyzed .

The maximum difference for the outlet temperature be-
tween the thermal-FSI results and the experimental data ex-

ists for case I, but this difference does not exceed 2.35°C
for the cold water. Maximum deviation of the heat flux is
equal to 0.22 kW for the case Il boundary conditions. In
this experiment, the measurement error for the outlet and
inlet temperatures was equal to 0.5°C; for the mass fluxes
was equal to approximately 3.5% of the measured mass flow
rate. More details about the measurement errors can be
found in [4].To minimize simulation errors, the mini-channels
and collectors were divided into blocks and discretized by
means of a structured numerical grid, steeply refined to-
wards the normal wall direction. Initial tests confirmed the
use of the numerical grid ensuring that further refinement
does not influence the computational results. It was as-
sumed that the MPHE is ideally isolated. Additionally the
surface structure of the mini-channels was treated as homo-
geneous. It should also be added that the standard SIMPLE
(semi-implicit method for pressure-linked equations) method
was used for the pressure-velocity coupling. The second or-
der upwind schemes have been employed for the solution
of the convection term in the governing equations. The dif-
fusion terms have been centrally differenced with a second
order accuracy. The detailed methodology of the numerical
integration regarding the set of governing equations can be
found in the following work [3, 58]. In order to better deter-
mine the heat flux in the mini-channels zone, the fluid do-
main was divided into three subdomains: the inlet collector,
the mini-channels zone and the outlet collector (see Fig. 7).
In each subdomain the heat flux was determined using the
equation 14. The numerical results of the heat flux in all sub-
domains for all considered cases of boundary conditions are
presented in Table 3. The biggest heat flux occurs in the
mini-channels zone for all considered cases. The heat flux
in the mini-channels zone with respect to the total heat flux
is approximately equal: 75% for case |, 70% for case Il and
67% for case lll. When increasing the mass flow, the heat
flux in the mini-channels zone also increase. However, re-
sults obtained with the thermal-FSI show that when increas-
ing the mass flow the contribution of the heat flux in the mini-
channels zone decreases with respect to total heat flux.

Thermal-FSI analysis shows, as expected, that the re-
gions of the enhanced heat transfer are located in the mini-
channels of the analyzed heat exchanger. The localization
of the enhancement heat transfer zone between the working
fluids in the MPHE is obtained by using the thermal-FSI anal-
ysis as shown in Fig. 8. Our numerical thermal-FSI analysis
confirms the assumption that a decrease in hydraulic dimen-
sion of channels leads to an increase in heat transfer with
the MPHE.

6. Conclusion

In this work the authors conducted a numerical analysis of
a MPHE geometry model for different boundary conditions.
The results obtain with the thermal-FSI tool agree very well
with the experimental data for all cases considered. Good
agreement with the experiment has been obtained for both,
outlet temperatures and heat fluxes. Maximum deviation of
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Temperature [°C] Temperature [°C|
92.60 92.60
88.43 8843
8425 84.25
80.08 80.08
75.90 75.90
71.73 7173
67.55 67.55
63.38 63.38
59.20 59.20
55.03 ‘ 55.03
50.85 50.85
46.68 46.68
4250 4250
38.33 38.33
34.15 34.15
29.98 29.98
25.80 25.80
2162 2162
1745 17.45
13.27 13.27
9.10 9.10

a) Cold water flow direction b) Hot water flow direction

Figure 4: The temperature distribution on: a) the cold plane and b) the hot plane for the case | of boundary conditions (laminar flow)

Temperature °C] Temperature [°C]
9180 91.80
87.58 87.58
83.36 83.36
79.14 79.14
7492 74.92
70.70 70.70
6648 6648
6226 6226
58.04 58.04 ’
B e 53.82 ’
49.60 49.60
45.38 4538 g
41.16 41.18
36.94 36.94
3272 3272 L
2850 2850
2428 2428 2
2006 2006 7
1584 15.84 z
11.62 11.62 =
a) 7.40 b) 7.40

Figure 5: The temperature distribution on: a) the cold plane and b) the hot plane for the case Il of boundary conditions (turbulent flow with low-Re number
correction)

Temperature [°C] Temperature [°C]

92.90 92.90

88.59 88.59

84.27 84.27

79.96 79.96

75.64 75.64

71.33 71.33

67.01 67.01

62.70 62.70

58.38 58.38

54,07 54,07

4975 4975

4544 4544 .
4112 4142
36.81 36.81 ;
3249 3249 :
28.18 28.18
23.86 23.86 :
19.55 19.55
15.23 15.23 -
10.92 10.92 v

a) 6.60 b) 660

Figure 6: The temperature distribution on: a) the cold plane and b) the hot plane for the case Il of boundary conditions (turbulent flow with low-Re number
correction)
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Table 2: ComBarison between numerical results obtaingd with the Thermal-FSI analysis and /\/Nith the experimental data, where: T;—cold fluid temperature
at the inlet; 7. —cold fluid temperature at the outlet; 7,—hot fluid temperature at the inlet; 7, —hot fluid temperature at the outlet; V.—volume flow rate of

cold fluid; V;,—volume flow rate of hot fluid; O0—heat flux

Cold side Hot side
Case Ve, Ilh  InletT,,°C Outlet7,,°C  Vj,I/h  InletT,,°C OutletT,,°C O, kW
Experiment I 50+1.8 9.1+0.5 37.6+0.5 50+1.8 92.6+0.5 64.7+0.5 1.64
Thermal-FSI | 50 9.1 35.28 50 92.6 65.38 1.53
Experiment 1l 250+9 7.4+0.5 22+0.5 250+9 91.8+£0.5 76.9+0.5 4.24
Thermal-FSI |l 250 7.4 22.71 250 91.8 75.81 4.45
Experiment Il 500+18 6.6+0.5 17.5+0.5 400+14.4  92.9+0.5 79.5+£0.5 6.21
Thermal-FSI Il 500 6.6 17.37 400 92.9 78.67 6.27
Outlet colector Inlet colector
Inlet colector of cold water of cold water
Qin l Mini-/chancels \

N Qm—ch

Mini-channels

Qout

Outlet colector

Figure 7: Fluid domain divided into three subdomains: the inlet collector, the
mini-channels zone and the outlet zone, where: Q;,—the heat flux in the
inlet collector; Q,,_ss—the heat flux in the mini-channels zone; Q,.,—the
heat flux in the outlet collector; O—total heat flux

Table 3: Thermal-FSlI results of the heat flux in selected subdomains, where:
Qin—the heat flux in the inlet collector; Q,,_»—the heat flux in the mini-
channels zone; Q,.—the heat flux in the outlet collector; O—total heat flux

Case Qim kW Qm—chy kW Qouty kW Q1 kW
| 0.33 1.15 0.05 1.53
Il 1.18 3.08 0.24 4.45
1 1.61 4.23 0.43 6.27

the outlet temperature does not exceed 2.35°C. As expected,
the thermal-FSI analysis showed that the heat transfer in
the MPHE exchanger geometry is the biggest in the mini-
channels zone for all cases considered.

Good agreement with the experiment indicate that the
thermal-FSI tool can be efficiently used for a fully coupled
thermal fluid flow and with a thermal structural analysis. But
for cases when changes in temperature lead to significant
thermal deformation in solid bodies, additional re-meshing
or a moving mesh method should be used.
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