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Abstract. The progress reached in the high heat flux systems has required the development of appropriate thermal management
approaches for dissipating the high heat fluxes, especially for small-scale devices. One of the most advantageous thermal
management techniques is the utilization of subcooled flow boiling. In this work, the subcooled flow boiling of FC-72 is
numerically simulated in a minichannel using ANSYS Fluent to investigate the effects of system pressure and gravitational
orientation on the subcooled flow boiling thermal transfer performances. Two different orientations (vertical downflow and
vertical upflow) were examined in the same conditions of heat flux (q = 191553 W/m?), mass flux (G = 836.64 kg/(m?s)) and inlet
temperature (Tin = 304.54 K), and under three different system pressures (102000, 120000, and 209900 Pa). The present
computational study has been validated and a good agreement with the experimental data was demonstrated. The predicted
results demonstrate that the increase in system pressure improves the thermal performance of subcooled flow boiling by an
average enhancement of 15.94%. In addition, the vertical upflow orientation is more advantageous than the downflow orientation
due to the buoyancy force that moves the bubbles towards the flow direction and leads to less chaotic liquid-vapor interactions.
An average enhancement of 1.65% in the heat transfer coefficient is reached in the upflow orientation compared to the downflow
orientation for the higher system pressure of 209900 Pa.
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1. Introduction

With the remarkable development of miniaturization of technical devices in new engineering technologies such as
pharmaceuticals, chemicals, petrochemicals, and electronic equipment, the increase in thermal heat density has become a
critical issue because it reduces the performance, and security of these systems.

Currently, subcooled flow boiling in small channels, as presented in Fig. 1, represents an excellent and effective thermal
management solution to eliminate the high heat fluxes of the miniature devices due to advantages including the utilization of
latent heat transfer of working fluids, channel size and low variation in the fluid temperature, which reduces the refrigerant flow,
and pumping power. However, the subcooled flow boiling heat transfer process is not fully understood since it depends on many
parameters, such as the properties of the working fluid, heat flux, mass flux, channel diameter, and surface characteristics.
Therefore, the evaluation of effects of these factors on the subcooled flow boiling mechanism in minichannels has been the
subject of extensive studies reported in the literature [1-13]. For example, Liu et al. [7] studied the effects of heat flux, mass flux,
vapor quality and saturation pressure on the flow boiling characteristics of three refrigerants (R600a, R227ea, and R245fa) in a
vertical minichannel. They found that for all refrigerants tested, the heat transfer coefficient was significantly influenced by heat
flux and saturation pressure, while the effects of mass flux and vapor quality were negligible. Anwar et al. [8] revealed that the
dominating factor of the flow boiling characteristics of R152a and R134a in a vertical minichannel was the heat flux. The drying
heat flux increased with the mass flux and the influence of system pressure was negligible. However, in the study of Belyaev et al.
[9], where the effects of channel diameter, mass flux, pressure and inlet temperature on the heat transfer of R113 and RC318 in
two small channels have been examined, the critical heat flux was enhanced at small channel diameter, with increasing mass
flux and inlet subcooling, but decreased with increasing the reduced pressure. Furthermore, in the study by Charnay et al. [10],
parametric analyses of the effects of heat flux, mass velocity, and saturation temperature on the local heat transfer coefficient of
R-245fa flow boiling in a horizontal minichannel were conducted. It was determined that in an intermittent flow, the heat transfer
coefficient is independent of vapor quality and mass velocity, while in an annular flow, the heat transfer coefficient increases
with vapor quality and/or mass velocity. Also, Yan et al. [11] investigated the flow boiling heat transfer characteristics of R134a in
small channels by focusing on the effects of heat fluxes, mass fluxes, and saturation temperatures. They found that the heat
transfer coefficient improved with mass flux and saturation temperature. Therefore, we can conclude from all these studies
mentioned above that the subcooled flow boiling characteristics have different behaviours depending on the factors involved.
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Fig. 1. (a) Cooling system based on the subcooled flow boiling in minichannels (b) schematic of single minichannel of the cooling system (c)
schematic of x-y cross section of subcooled flow boiling in minichannel.

The minichannel in subcooled flow boiling can be placed horizontally, vertically, or at various angles according to the required
operating conditions. Some previous studies reported in the literature [12-13] have neglected the effects of minichannel
orientation on heat transfer performance, assuming that the surface force is the predominant force, even though gravity can
exert different impacts due to the interaction between the buoyancy and the inertial forces. In fact, spatial orientation constitutes
a crucial parameter that affects the subcooled boiling heat transfer characteristics. As Piasecka et al. [14] demonstrated, the
vertical and inclined (45° to the horizontal plane) orientations resulted in higher heat transfer coefficients. Moreover, Vlachou et
al. [15] discovered that inclinations of 60°, and 90° lead to a slight increase of 10% in the heat transfer coefficient compared to the
horizontal case. Piasecka et al. [16] studied the flow boiling of FC-72, HFE-649, HFE-7000, and HFE-7100 in a minichannel in three
spatial orientations (0°, 90°, and 180°). They reported that the highest heat transfer coefficient was obtained for the lowest heat
flux at the horizontal position of 180°. Whereas, Sinha and Srivastava [17] studied the vapor bubble behaviour in subcooled flow
boiling under vertical upward and downward flow. They found that greater evaporative heat flux dissipation was obtained for the
upward flow for Re < 6000. Other studies [18-19] have investigated rotational orientation effects, such as Vermaak et al. [19], which
studied the boiling of FC-72 flow in mini channels at different rotational orientations as a function of gravity. It was found that
the bottom-heating cases (0° orientation) generated higher local heat transfer coefficients of up to 201% than for any other
rotational orientation.

Although several research studies have concentrated on the subcooled flow boiling heat transfer in different spatial
orientations, the detailed differences between the vertical upflow and downflow orientations of the subcooled flow boiling heat
transfer and pressure drop characteristics have not been fully explained. For this reason, further research studies are needed to
identify the key differences between subcooled flow boiling in vertical minichannel in upflow and downflow orientations.

Therefore, the purpose of the present work is to numerically investigate the effects of gravitational orientations and system
pressure on the heat transfer characteristics and pressure drop of subcooled flow boiling of FC-72 in a vertical minichannel in
both upflow and downflow orientations under three different system pressures from 102000 Pa to 209900 Pa.

2. Numerical Model

This paper performs two-dimensional numerical simulations of subcooled flow boiling in a minichannel in vertical upflow
and downflow orientations under different system pressures. The following assumptions are made to simplify the present
numerical model:

a) Flow is Newtonian, unsteady, and turbulent;

b) Liquid phase is incompressible;

c) Vapour phase as an ideal gas;

d) Thermo-physical properties of fluid and solid are constant at the corresponding system pressure.

2.1. Governing equations

This section outlines the details of the numerical model employed in our simulations. Thermophysical properties of FC-72 are
also presented in Table 1. The volume of fluid (VOF) model is used for tracking the liquid-vapor interface during subcooled flow
boiling by solving the conservation equations for both liquid and vapor phases and accounting for mass transfer between phases.
The conservation equations are as follows:

For the liquid phase:

0 -
g(alpl) +V.(pu) =S, (1)
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Table 1. Thermophysical properties of FC-72

P = 102000 Pa P = 120000 Pa P = 209900 Pa
o (kg/m?) 1570.3 o (kgm?) 16082  p(kg/m?)  1622.9
Ca (I/kg X 1102 Ca(/kgK) 11176  Ca(/kgK) 11305

)
FC-72liquid  k(W/mX) 00524  k(W/mX) 0053 k(W/mX) 0054
w(kg/m.s) 3.846.10* m(kg/m.s) 4.09.10* m(kg/m.s) 4.24.10*

pv (kg/m?) 13.38 pv (kg/m?) 15.992 pv (kg/m?) 23.1

Cp (//kg.K) 878 Cw(/kgK) 94287  Cn(/kgK)  1259.8
FC-72vapor k,(W/mK) 0013026 &k, (W/mX) 00142 k,(W/mK)  0.015

w(kg/ms) 1175105 p(kg/ms) 1.21.10° p(kg/m.s) 1.22.10°

For the vapor phase:

8 @)+ Vi =S, @)
where oy and «, are the volume fraction of the liquid phase and the vapour phase, respectively, p,and p, are the densities of the
liquid and vapor phases, respectively, u is the drift velocity and Si and Sy are the mass source terms due to phase change for the
liquid and vapor phases, respectively.

The momentum and energy equations are applied to the combined phases and formulated as follows, respectively:

0

a(pﬁ) + V.(plit) = — VP + V.[(Vl + (VU))] + pg + Ecst 3)
%( E)+ V.[U(pE + P)] = V.(\; VT) + S, )

where P is the pressure, p is the dynamic viscosity, g is the gravity acceleration, Fess represents the surface tension force vector, E is
the energy, T is the temperature, A\ is the thermal conductivity, and S.is the energy source term. The surface tension effects
across the liquid-vapor interface are taken into account by using the continuum surface force (CSF) model of Brackbill et al. [20].

ok, Vay, +oyp,k Vo
/1 + Py

I?‘csf =20

()

where o is the surface tension coefficient. ki and ky are the local interface curvatures of the liquid and vapor phases, respectively,
which are determined by the gradient of the volume fraction scalar as:

_ Ay

b ‘V"‘I‘ ©)
— Aal}

") o)

The phase change Lee model [21] is adopted to define the mass and heat transfer rates. This model presumes a
thermodynamic equilibrium at the liquid-vapor interface and depends on the saturation temperature (Tsa), as shown in the
following expressions:

If Ti< Tsat (evaporation):

(Tl — Tsat)
T,

sat

S =ap

If Ti> Tsat (condensation):

(TU — Tsat)
T,

sat

SU :aUpU

Subsequently, the energy source (Se) on the momentum equation (Eq. (3)) is available as follows:

Se = hlusl = hlev (10)

2.2. Computational domain and boundary conditions

Figure 2 presents the details of the computational domain of the upflow and downflow subcooled flow boiling. The flow is
along the y-axis, which represents the vertical direction. FC-72 is chosen as the working fluid, and copper is used as the solid
material. In addition, the wall contact angle is fixed at 5°.

A constant mass flux boundary condition of 836.64 kg/(m?s) is applied at the inlet of the minichannel, and the subcooling of
the entering FC-72 liquid is fixed at 30 K. Furthermore, at the outlet of the minichannel, the pressure boundary condition is
applied, and the backflow temperature is fixed at 380 K. The boundary condition of uniform heat flux of 191553 W/m? is specified
for the heated walls. Moreover, all the inner walls are considered as no-slip boundary conditions (uw = vw = 0).

Journal of Applied and Computational Mechanics, Vol. 9, No. 2, (2023), 464-474 A‘V'A



Numerical Investigation into the Effects of Orientation on Subcooled Flow Boiling Characteristics 467

Table 2. Numerical methods

Equation Numerical method
Pressure-velocity coupling PISO algorithm
Gradient The green-gauss node-based method
Pressure PRESTO
Momentum Second order upwind scheme
Volume fraction Geo-Reconstruct
Turbulent kinetic energy First-order implicit scheme
Specific dissipation rate First-order implicit scheme
Energy Second order upwind scheme
Transient formulation First-order implicit scheme

Table 2 presents different numerical procedures used to discretize the governing equations of the numerical model. The time
step At is set to be variable in the range of 10 to 10 to keep the courant number (Co) less than 0.5, which helps to make the
simulation more stable. Furthermore, we have considered that the convergence of the numerical solution is reached when the
mass and velocity residuals are less than 10* and the temperature residual is below 10°®.
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Fig. 2. Schematic of the computational domain.
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2.3. Grid independence study

In this work, the quadrilateral mesh is used for all computational domains with a progressive refinement in the regions
adjacent to the walls to precisely capture the formation of smaller bubbles. The mesh independence study was carried out.
Therefore, five meshes with node numbers ranging from 33540 to 343760 are tested for the case where the system pressure was
120000 Pa, the mass flux was 836.64 kg/ (m?.s), the heat flux was 191553 W/m?, and the inlet temperature was 304.54 K.

Fig. 3 presents the variation of the area-weighted average temperature of walls over different grid numbers. It can be seen that,
the area-weighted average wall temperature reduces as the number of nodes increases until the grid has 205495 nodes, i.e.,
independent of the mesh size. Therefore, the grid with 205495 nodes is chosen for all our simulations.

3. Validation

Validation of the current numerical model precision is established from the comparison of the present predictive results with
the experimental results of Lee et al. [22] for the case where the system pressure was 120000 Pa.

As illustrated in Fig. 4, the average relative errors between the present numerical results of local heat transfer coefficients and
experimental data are 18.097% and 20.687% for the left wall and right wall, respectively. This deviation from the experimental
results could be related to the uncertainties and errors encountered in experimentation. In addition, Fig. 5 compared the
experimental flow pattern visualization images with those predicted numerically. As can be seen, there is high accuracy in the
prediction of bubble generation evolution. Therefore, this proves that the current computational model is both reasonable and
effective.
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Fig. 5. Comparison of the (a) experimental data [22] and (b) simulation results in terms of flow patterns.
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Fig. 6. Local heat transfer coefficient along the minichannel in the vertical upflow and downflow orientations for different system pressures.

4. Results

The effects of orientation and system pressure on the heat transfer characteristics of subcooled flow boiling in a minichannel
are presented in Figs. 6 and 7. A mass flux of 836.64 kg/(m?s) is applied at the inlet, the subcooling of the entering liquid is fixed at
30 K, and the uniform heat flux of 191553W/m? is applied to the heated walls. The system pressure varied from 102000 Pa to
209900 Pa, and the saturation temperature varied accordingly from 330.47 K to 348.15 K.
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According to Fig. 6, it can be observed that for all system pressures, the orientation has a considerable effect on the heat
transfer. The highest values of the heat transfer coefficient are obtained in the vertical upflow minichannel. An average
improvement of 1.65% in the heat transfer is achieved in the upflow orientation for a system pressure of 209900 Pa. That is
because, in the vertical upflow orientation, the fluid flow occurs in a fluent manner supported by the buoyancy force that moves
the bubbles towards the flow direction and leads to fewer chaotic liquid-vapor interactions. In addition, Fig. 7 reveals that, for
higher system pressure, the fluid temperature is much higher in the vertical upflow direction than in the downflow one, but in
low system pressure, the effects of orientation on the fluid temperature are negligible and are nearly unchanged.

On the other hand, in the case of vertical downflow orientation, the buoyancy force is reduced by the rapidly moving fluid, as
is demonstrated in Fig. 8 of flow velocity variation as a function of special orientation for different system pressures. From this
figure, we can see that the flow velocity in the downflow orientation is slightly higher than in the upflow one, which causes
stronger interactions between flow inertia and vapor buoyancy. This means the interactions between the accelerating flowing
liquid and vapor bubbles that are still attached to the walls due to the opposing buoyancy force. Therefore, the heat transfer
decreased. Furthermore, Fig. 9 shows that the flow velocity increases with a rise in the system pressure.

Figure 6 also demonstrates that the system pressure has a highly significant effect on the heat transfer coefficient. This figure
shows that in the vertical upflow orientation, the increase in system pressure from 102000 Pa to 209900 Pa allows for enhancing
the heat transfer coefficient by an average enhancement of 15.94%, which is associated with the variation of the fluid properties.
The increase in pressure induces an increase in the thermo-physical proprieties of the liquid and vapor phases, as shown in Table
1, which promotes the activation of many nucleation sites and, therefore, improves heat transfer.

Figure 10 proves that the orientation has a significant effect on the vapor fraction. For all system pressures, the highest values
of vapor fraction are achieved in the vertical upflow orientation due to the relatively small fluid velocity, which allows for an
extended wall-fluid contact time. Therefore, the development of a large number of nucleation sites in the vertical upflow as
compared to the vertical downflow orientation. This figure also indicates that the vapor fraction increases as the system pressure
rises as a result of the increase in the densities of the liquid and vapor phases, thus supporting the activation of numerous
nucleation sites.
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The effect of orientation on the pressure drop along the minichannel for different system pressures is presented in Fig. 11.
This figure shows that the vertical upflow position has less pressure drop, with an average enhancement of 3.25% for P = 209900
Pa due to the relatively small flow velocity in this orientation compared to the vertical downflow orientation. Furthermore, Fig. 11
shows that the pressure drop rises with increasing system pressure due to the increase in the thermo-physical proprieties of the
liquid and vapor phases.

5. Conclusion

This work presented the computational results of subcooled flow boiling in a minichannel in two different orientations:
vertical downflow and vertical upflow for different system pressures (P = 102000, 120000, and 209900 Pa). The major conclusions of
this study are as follows:

a) The validation test of the present numerical results has demonstrated that they are in good agreement with the
experimental data. The average relative errors have registered values of 18.097% and 20.687% for the left and right walls,
respectively, which proves the efficiency of the current numerical model.

b) The increase in the system pressure improves the heat transfer by improves the heat transfer by 15.94% from 102000 Pa to
209900 Pa.

c) The vertical upflow orientation improves the heat transfer by 1.65% for the system pressure of 209900 Pa, whereas the
vertical downflow position leads to the creation of severe reflux characteristics.

d) The vertical upflow orientation decreases the pressure drop by 3.24% for a system pressure of 209900 Pa.
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Nomenclature

E Energy Greek symbols
Fest Surface tension force [N] o Volume fraction
g Gravity acceleration [m/s?] B Time relaxation fact [s7]
G Mass flux [kg/m?s] A Conductivity [W/m K]
h Heat transfer coefficient [W/m?K] p Density [kg/m?|
huw Specific latent heat [J/kg] U Dynamic viscosity [Pa.s]

Turbulent kinetic energy [J/kg] c Surface tension coefficient [N/m?]

Heat flux [W/m?] k Local interface curvature
u Flow velocity [m/s] Subscript
Ut Friction velocity [m/s] eff Effective
P Pressure [Pa] in Inlet
S Source term 1 Liquid phase
t Time [s] v Liquid vapor mixture
At Time step sat Saturation temperature
T Temperature [K] v Vapor phase

w Wall
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