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The present study aims to numerically investigate the impact of inclination
angle on the boiling heat transfer and pressure drop in rectangular
microchannel tubes with a large length-diameter ratio. The volume of fluid
approach was utilized to model the two-phase flow in microchannels using the
computational fluid dynamics method. The effects of different inclination
angles, aspect ratio and Reynolds number on heat transfer and pressure drop
characteristics are analyzed by simulation. According to the latent heat
percentage and saturation temperature differential, the mass transfer factor
was calculated using the Lee model, which describes the mass and energy
transfer throughout the boiling process. The convective heat transfer
coefficients of the walls of structures at angles ranging from 0° to 90° (aspect
ratios of 1.271, 1.017 and 0.763, respectively) were analyzed. It was found
that with the decrease of aspect ratios, the convective heat transfer
coefficients decreased by 16.64% and 11.56%, respectively. In order to keep
the evaporator outlet superheat within 5 °C, the inlet Reynolds number should
not be lower than 3000. The study offers insightful information for designing
and refining microchannel evaporators in refrigeration systems, particularly
for horizontal freezers with specific inclination angle arrangements.
Keywords: large length-diameter ratio, inclination angle, aspect ratio, low-
mass flow rate, CFD simulation, flow boiling heat transfer

1. Introduction

To optimize the operation of refrigeration systems utilizing environmentally friendly refrigerants,
it is important to review the individual components. Evaporator as the basic equipment of refrigeration
and air conditioning system, its size should be appropriate. Microchannel tube has good heat dissipation
performance and has broad application prospect in high power density thermal elements [1-4].
Aluminum microchannel tubes have attracted great attention due to their lower cost and high thermal
system compatibility compared to copper. In a microchannel evaporator, the refrigerant evaporates by
removing heat from the space or object being cooled. Microchannel flow boiling involves complex
phase change dynamics and flow instabilities, necessitating advanced experimental and computational
study. In addition, the current research on microchannel heat exchange tubes is mainly aimed at the heat
dissipation of high-power components. Numerous sophisticated engineered surfaces or
micro/nanostructured microchannels have been created to greatly increase the rates of heat transmission
in single phases and flow-boiling. Surface modifications and geometric designs of tube, including



triangular cavities [5,6], microneedle and micro-pin fin arrays [7-9], staggered herringbone
microchannels [10], cavity-rib pairs [11], and countercurrent microchannels [12] have been intensively
researched to optimize thermal performance in single-phase and flow boiling scenarios.

However, in the refrigeration system of the chest freezer, the choice of the evaporator structure is
still restricted by the system cooling capacity, the pressure difference that the compressor can handle,
and the thermal uniformity in the chassis. To improve heat sinks' ability to transport heat in small areas,
Hung et al. adopted a double-layer structure [13] and utilized fluorinated nanofluids [14,15] for
experimentation, which offers important reference value for the creation of cooling systems that are
more dependable and efficient.

In the microscale constrained environment, laminar flow is quite prevalent because of the chest
freezer's modest refrigerant charge quantity [16,17]. It is also common to choose complex microchannel
structures to significantly increase the boiling heat transfer rate of two-phase flow. [18-21]. However,
due to the factors such as pressure drop, thermal uniformity and economy, the complex micro-channel
structure cannot be directly applied to the low charge refrigeration system to increase the heat transfer
rate at boiling in a two-phase flow. At present, the flow-boiling heat transfer process's design in chest
freezer refrigeration system mainly relies on empirical data. Consequently, the numerical simulation of
porous microchannel flat tubes with large length-diameter and different aspect ratios is very important
to guide experimental research and system development. Numerical simulations using the VVolume of
Fluid (VOF) method are suitable for simulating two-phase flows [22-24].

In the simulation process of the evaporator of the chest refrigerator, it is necessary to choose the
appropriate analysis method based on the evaporator heat exchange tube's inclination angle, the
refrigerant flowrate and quality of vapor at the inlet, the import and export temperature, and the heat
transfer of the heat exchange tube to the inner wall, so as to complete the physical modeling and the
setting of the boundary conditions. At present, the numerical research on the boiling heat transfer of
enhanced microchannel heat exchangers mainly focusing on modifying the geometry of the heat
exchange tube, adjusting the boundary conditions and improving the parameters of the mathematical
model. Liu et al. [25,26] took the evaporator inclination angle as the starting point to analyze the
changing trend of evaporator pressure drop under different inclination angles. In the simulation,
emphasis was placed on the interaction between gravity field and velocity field in the tube.

The heat and mass transport capabilities of microchannel tubes with a 1.0 mm inner diameter were
examined by Saisorn et al. [27] and Oliveira et al. [28]. Variations in inclination angle and two-phase
flow pattern were examined using pressure drop and two-phase flow pattern as the study objects. Hajar
and Teng [29] studied the significant correlation between the inclination angle and the heat transfer
coefficient at a fixed angle in the study of gravity heat pipe. In the flow boiling process, the influence
of inclination on heat transfer cannot be ignored, especially in the harsh operating conditions of heat
pump water heaters, solar collectors, horizontal freezers and other compact heat transfer devices. They
have specific incline arrangements and resistance requirements.

For decades, significant scholarly attention has been directed toward examining the effects of the
length-diameter (L/Dy) ratio on flow boiling performance. Studies on critical heat fluxes (CHFS) in
microchannel flow boiling, both theoretical and experimental, have shown that high L/Dy ratios
considerably impair ideal flow boiling behavior [30-32]. This is primarily attributed to the challenges
associated with eliminating confined bubbles and ensuring adequate liquid supply to the outlet region.
In addition, a large L/Dy ratio negatively impacts the flow of two-phase transport. The function of
hydraulic diameter fluctuations was further examined by Wang et al. [33]. Their findings demonstrated
that large L/Dy ratios frequently limit rapid liquid transfer to the channel exit. Therefore, early drying
out is associated with the early development of CHF. For effective boiling heat transfer to continue,
liquid rewetting and worldwide liquid transport are necessary. However, most of the present
investigations on L/Dy were restricted to the impact of L/Dy on flow boiling performance and the
enhancement mechanism of L/Dy on the microchannel flow heat transfer. Considering the actual
engineering scenario, it is still important to analyze the large L/Dn microchannel heat exchanger for the
flow heat transfer in the cold cabinet refrigeration system.

In addition, Lee model was usually used for numerical simulation of fluid boiling heat transfer and
flow [34], in which mass transfer factor had a great influence on gas-liquid interface tracking [35-38].
In the existing studies, the mass transfer factor of Lee model was mostly fixed value [39-45]. But in
fact, when the mass transfer factor was fixed under various working conditions, the simulation results
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would deviate significantly from the actual conditions [46]. Qiu et al. [47] proposed a method to
determine the mass transfer factor in Lee’s phase-change mass transfer equation. They introduced two
evaluation indexes (latent heat share and saturation temperature difference) to assess the rationality of
the mass transfer factor. By deriving theoretical expressions for these indexes, they analyzed how the
factor impacts simulation results. Their analysis explains the wide range of values reported in literature
and offers practical guidelines for selecting the mass transfer factor. Optimizing the mass transfer factor
in model selection significantly boosts the fidelity of the calculations. The less the convergence, the
longer the calculation takes. Therefore, the value of the mass transfer factor in the phase transition model
was crucial for reducing the computation time, enhancing accuracy, and ensuring better convergence
across varying geometric conditions and flow-boiling states.

In this study, derived from the theoretical relations of latent heat distribution and saturation
temperature variation, a simulation model was established to simulate the two-phase flow boiling in a
rectangular microchannel with large L/Dn ratio, variable inclination angles and variable aspect ratio. The
influence of the mass transfer factor on the simulation results was analyzed, and the correctness of the
simulation model was verified by the experimental data obtained under certain conditions. After the
mass transfer factor has been determined, numerical simulation was used to examine the impacts of flow
boiling heat transfer and pressure drop in the rectangular microchannel structure (large L/Dy ratio) of
the horizontal freezer refrigeration system with varying inclination angles, aspect ratios and Re. The
results of this study will be of great significance for determining the winding inclination angle of micro-
channel heat exchange tubes when they are applied to the evaporators of refrigerators and chest freezers.
The established numerical simulation method can be extended to other two-phase flow systems, and the
parametric study framework is applicable to various refrigerants.

2. Physical and Numerical Models

2.1. Computational domain

The variation of inclination angles, which critically impacts the flow and thermal transfer
characteristics of the microchannel evaporator, is illustrated in Fig. 1. Fig. 2 shows the microchannel
structure's precise geometric properties, such as the channel's width, height, and length. The
thermophysical properties of R600a dynamic viscosity ux (kg/(m-s)), specific heat capacity
Cp(J/(kg-°C)), and density p(kg/m?®)) were determined using REFPROP between -48°C and 50°C,
covering the operational limits of the evaporator. A segmented linear interpolation function was
employed in the FLUENT solver to ensure accurate property assignment and to model the flow boiling

behavior effectively.

inlet

(a) ¢=0°-90° (b) p=0°-(-90°)

Fig. 1. Inclination angle configurations of evaporator orientations (£0°-90°)



Fig. 2. Microchannel geometries and boundary conditions for different g: (a) p=1.271 (b) p=1.017 (c)
S=0.763.

2.2. Mathematical model

2.2.1 VOF model

The Volume of Fluid (VOF) model is a widely adopted interface-capturing technique designed to
track the interfaces between multiple immiscible fluids. In this approach, because the momentum
equations are the same for all fluid phases, the computational domain allows for the tracking and
resolution of the volume fraction of each phase. The volume fractions of the liquid and gas phases'
continuity equations are solved in order to accomplish the dynamic development of the interface [48].
The momentum equation, energy equation, and continuity equations are all included in the governing
equations and have the following expression.

(1) Continuity equation:

0
a(d,ﬂ,)-’-V'(Ollp,V): S (1
0
E(avpv)—"_v'(avpvv): Sv (2)
(2) Momentum equation:
6 T
a(pv)+V-(pw)=—VP+V-[,U(VV+VV )]+pg+F (3)
pzalpl +avpv (4)
H=aoh + o, 8)
(3) Energy equation:
%(pE)+V-[V(pE+P)]:V-(kVT)+Se (©)
E — alpl EI +avvav (7)
alpl +avpv

where S (kg/s) is the rate of mass transfer per volume unit, v (m/s) is the velocity. g (m/s?) is the
acceleration of gravity, F (kg-m/s?) is the external force, t (s) is the time, P (kg/m?) is the pressure, T
(°C) is the temperature, E (J) is the energy, and Se (W/m?®) is the energy source term. The density p
(kg/m3), dynamic viscosity u (kg/(m-s)), and thermal conductivity k (W/(m-°C)) represent the properties
of the mixed phase, respectively. The liquid and gas phases are denoted by the subscripts | and v,
respectively.



2.2.2 Phase transition model

The fluid flow in the tube is always in a turbulent state during the phase change heat transfer
process. The following presumptions were made to optimize the model and simulation [49].

(1) The fluid is Newtonian and incompressible.

(2) The thermo-physical properties of the working fluid are temperature-dependent.

(3) Radiative heat transfer is neglected.

(4) Gravitational effects are considered.

(5) The velocity profile at the channel inlet is assumed to be uniform.

The trial calculation stage relies on simplified assumptions and methods to rapidly assess system
performance. The difference in inlet and outlet pressure and temperature is less affected by the
inclination angle during the trial calculation stage. To enhance the accuracy of the numerical simulation
of refrigerant flow boiling in microchannels, the dependence of saturation temperature on pressure was
explicitly incorporated, building upon the foundation established in previous studies [50]. The saturation
temperature was derived from the saturation pressure using a piecewise linear fitting method. Once the
temperature of the liquid exceeds the corresponding saturation temperature (Tsx: = -25 °C) [51], bubble
nucleation initiates. To model the mass and energy transfer during the boiling process, the Lee model
[52] was employed, which assumes that the phase transition occurs under thermal equilibrium
conditions.

Source term of mass:

sat (8)

Source term of energy:

Se =Sy h, ©)

In this context, « denotes the volume fraction, p is the density, hyg represents the latent heat of
vaporization, r corresponds to the time of relaxation, and the subscripts | and v refer to the liquid and
vapor phases, respectively.

For the mass transfer factor (r), a high value of r guarantees that the simulated results are universally
applicable and, in any event, closely resemble the real outcomes. However, excessive r-value leads to
non-convergence of the energy equation in numerical calculation, which is related to the complexity of
the simulation problem, the quality of the grid, and the value of the relaxation factor in the algorithm.

Therefore, the value of r should be appropriate to take into account the calculation accuracy and
convergence, which requires r to be as small as possible under the premise of ensuring accuracy. For
this purpose, it is necessary to quantitatively analyze the mathematical relationship between fraction of
latent heat, saturation temperature difference, and mass transfer factor r. [47]

Sensible heat exchange:

Qsen = Cp,mG(Tout _Tsat) (10)
Latent heat exchange:
Har a,LAT
o = Ay (11)
2Tsat
Latent heat fraction:
R = (12)
Qlat + Qsen
Saturation temperature difference:
AT =Tsat _Tout (13)
aLq (14)

T =
C,nG + (F o, LHa) / 2T,



According to the energy equation, the value of r determines the proportion of latent heat transfer to
the total heat transfer. As proposed by Qiu et al. [47], single-component boiling heat transfer is generally
considered constant-pressure phase-change heat transfer, where the temperature variation of the fluid in
the two-phase region is minimal, and heat transfer is dominated by phase change, with the latent heat
fraction (RL) expected to approach 1.

In this study, when r > 600, numerical instability and divergence of the equations began to occur.
When r was set to 500, the variation rate of R. was 1.1%, and |AT| < 1°C, satisfying the assumptions.
Therefore, in all subsequent cases, r was fixed at 500 to ensure the stability and accuracy of the energy
equation solution.

Tab. 1 Equation calculation and simulation verification for the value of r.

r R IAT|/°C

Ref. [38] this work Ref. [38] this work
100 1 0.896 2.64x107? 5.59
300 1 0.972 3.25x103 1.40
500 1 0.983 1.73x103 0.88
600 1 divergence 1.44x103 divergence

2.3. Boundary conditions and numerical methods
The inlet boundary conditions are constant velocity and constant temperature as follows.

v=v,,T=T,,%, =C,a, =C (15)
The outlet boundary condition is constant pressure as follows.
P=Pa (16)
For the heat wall of the heat sink, the constant wall heat flux boundary condition is adopted.
q=4q; (17)

In this work, numerical simulation was performed using ANSYS FLUENT 23.1, a commercial
program for fluid dynamics computation. The pressure-velocity coupling was resolved using the
Coupled algorithm, and the Modified Body Force Weighted scheme was used to solve the pressure
equation. Discretization of the momentum and energy equations was performed using a second-order
upwind scheme. For the continuity equation, momentum equation, and energy equation, the normalized
residuals have to be smaller than 10#, 1075, and 1078 for the computational solutions to be deemed
convergent.

The simulated refrigeration cycle conditions are evaporation temperature of -25°C, condensation
temperature of 53.6°C, subcooling degree of 5°C, superheat degree of 5°C, inlet refrigerant quality of
0.48, and wall heating capacity satisfying a cooling capacity of 120W. As indicated in Tab. 2, the study
investigates both positive and negative inclinations ranging from 0° to 90° under variable inclination
conditions, while maintaining a constant inlet flow rate, for three structural aspect ratios (a, b, c).
Additionally, for variable inlet Reynolds number conditions, the inlet velocity is adjusted to achieve
ARe = 500.

Tab. 2 Numerical simulation working conditions.

Geometry Type Angles [°] Inlet Velocity [m/s]
0 5.99
15, -15 5.99
30, -30 5.99
a. b.c 45, -45 5.99
60, -60 5.99
75, -75 5.99
90, -90 5.99
15 5.99
15 531
a 15 4.55
15 3.79
15 3.03




2.4. Grid independence verification

Fig. 3 depicts the average wall temperature (°C) on the left y-axis and the pressure difference
between the inlet and outlet (Pa) on the right y-axis. When the number of grids increased to 1.95 million,
the calculation results did not change much within 0.32%. Therefore, considering the required accuracy

and computational cost, 196 million grids were finally selected for numerical simulation.
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Fig. 3. Grid convergence: Tave and AP (type b, Re=3946).

3. Pressure drop and heat transfer coefficient in flow boiling

In order to verify the accuracy of the model, the temperature change along the path of the same
simulated tube was tested under the condition of 15° inclination. The experimental tests were performed
on a freezer with a rated cooling capacity of 120W. The heat exchange tube of the evaporator was a
micro-channel flat tube measuring 6.5 metres in length. The Pt1000 thermocouples were evenly placed
on the wall far from the inner tank, wrapped with aluminum foil tape and fixed. The evaporator's inlet
and outlet were fitted with pressure sensors. During steady-state operation, the temperature distribution

on the wall surface of the micro-channel flat tube is shown in Fig. 4.
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Fig. 4. Iso-wall temperature: simulation vs experiment (type a).

In the range of inclination angles from 0° to 45°, the simulated data is consistent with the
experimental temperature trends. When Z was greater than 5200 mm, the measured temperature
increased significantly, and the degree of superheat reached 4 °C. Analysis indicates that the freezer box
structure, hot air infiltration from the top cover, and uneven temperature distribution contributed to the
use of the lower inlet-outlet scheme, resulting in accelerated drying and superheat of the refrigerant in
the microchannel flat tube near the exit.



In the simulation, the flow of refrigerant in the second half of boiling was kept stable by using a
constant wall heat flux. The maximum temperature error at Z = 5416 mm was 1.972°C, and the inlet
and outlet pressure simulation results deviated from the experimental results by 24.9%. Considering the
pressure loss due to the microchannel flat tube wrapped around the inner liner surface, the steady-state
simulation model is reliable.

3.1. Pressure drop variation

Fig. 5 depicts the difference in pressure drop (A(AP) = AP, - AP.) between the inlet and outlet for
both forward (AP+) and reverse (AP.) directions at the same inclination angle on the left y-axis, while
the rate of change in pressure difference (A(AP)/ AP.) for the same conditions is shown on the right y-
axis. The difference in pressure drop on the left y-axis shows significant variations between positive and
negative directions, while the rate of change in pressure difference on the right y-axis reveals the
corresponding dynamic characteristics. The variation of refrigerant pressure in the tube under 7
inclination angles ranging from 0° to 90° was simulated and compared. The influence of different
inclination angles of the heat exchange tube and the inlet/outlet configuration on the inlet/outlet pressure
difference of the chest freezer evaporator has been obtained. Each bar chart represents the difference in
AP under different inlet modes. For angles of 15° and 30°, using the upper inlet and lower outlet
configuration reduced the pressure drop by 29.1 Pa and 54.7 Pa, respectively, compared to the lower
inlet and upper outlet configuration, with reduction rates of 0.48% and 0.92%. For angles of 45°, 60°,
75°, and 90°, using the upper inlet and outlet configuration reduced the pressure drop by 80 Pa, 98.2 Pa,
110 Pa, and 114 Pa, respectively, with reduction rates of 1.35%, 1.67%, 1.89%, and 1.97%.
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Fig. 5. Pressure divergence of type a between Fig. 6. Simulated AP and scaled AP/P versus

dual inlet modes. Re.

In the evaporator micro-channel heat exchange tube used in the chest freezer, the configuration
scheme of refrigerant flow from top to bottom can effectively reduce the pressure drop. When the
inclination angle exceeds 60°, the rate of pressure drop decreases significantly, and the ratio A(AP/P)
tends to stabilize. A(AP/P) indicates the change rate of pressure drop relative to total pressure. When
stable, further inclination results in less significant pressure drop reduction. For chest freezer evaporator
tubes, top-to-bottom refrigerant flow reduces pressure drop notably up to 60° inclination. Beyond this,
the effect diminishes. Thus, design should balance pressure drop reduction, heat exchange efficiency,
and manufacturing cost to find the best inclination and configuration.

Currently, research on flow boiling in microchannels has primarily emphasized the management of
high heat flux density and high mass flow rate in hot spots. Nevertheless, little attention has been paid
to studying low Re conditions at the microchannel evaporator inlet in small, low-mass flow horizontal
freezers. In this work, the pressure drop effect of 6500 mm long length-to-diameter ratio a-type
microchannel flat tube with an inclination of 15° was studied. The refrigerant flowed from bottom to
top, and the inlet Reynolds number ranging from 2000 to 4000, and the simulation was conducted using
a laminar flow model. The variations in pressure drop between inlet and outlet simulated by laminar
flow models in the range of 2000-4000 Reynolds numbers were shown in Fig. 6. As the inlet Reynolds
number decreases, the pressure drop to total pressure ratio (AP/P) gradually increased to 0.187. It was
worth noting that when the Re number approaches the transition region between laminar flow and

APIP



turbulence, the change rate of AP/P was significantly higher than the value when the Re number is 2500
~ 3500.

3.2. Heat transfer coefficient of flow boiling at different inclinations

As illustrated in Fig. 7, the convection HTC along the refrigerant flow direction distribution is
nearly the same under conditions of the same inclination angle, with the refrigerant flowing down into
and out of the two ways and a constant heat flux density of 416 W/m2. This is due to, on one hand, the
simulation of the state of refrigerant inlet to the evaporator for the gas-liquid two-phase and the
refrigerant gas volume fraction in the low-dry condition (quality = 0.48). When R600a is used as a
refrigerant, the volume fraction of refrigerant gas remains above 99% at low dryness, the refrigerant gas
occupies most of the flow space, and the refrigerant liquid flows forward under the coercion of the
refrigerant gas. On the other hand, due to the high refrigerant center flow rate inside the tube, the
influence of gravity on the refrigerant flow rate inside the tube is not obvious. The pressure difference
between the inlet and outlet ends of the evaporator under positive and negative inclination is mainly
influenced by the potential pressure.

Under different inclinations, the wall convection HTC fluctuates twice along the flow direction at
Z=650mm and Z=3250mm, respectively, as shown in Fig. 7 and Fig. 8. At 0° inclination, refrigerant
liquid volume fraction trends align with wall convection HTC fluctuations at X=0.13628. As shown in
Fig. 7, in type a, the smaller the inclination, the more obvious the two fluctuations occur, and the peak
appears earlier. With the inclination increases, the second fluctuation of the wall convection HTC occurs
further back in the flow direction. Specifically, the convection HTC is significantly higher on average

at inclination angles of £75° compared to other inclination conditions.
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Fig. 7. Variation of flow boiling HTC at different inclinations (type a, q=416 W/m?):(a) positive
inclination with partial enlarged view (b) negative inclination with partial enlarged view.

To study the relationship between the inclination angle and the convective HTC during the boiling
of microchannel flow with various aspect ratio constructions, the changes of the convective HTCs along
the inclination angle of the two g structures (type b, type c¢) under the same boundary conditions are
shown in Fig. 2. Combined with Fig. 8, Fig. 9(a), it is discovered that the fluctuation of the along-stream
convective HTC at the inlet section Z=650 mm gradually decreases as S decreases by 20%, and the
fluctuation at Z=650 mm almost disappears when £ is 0.763. The simulation results from the two



different inlet modes show no significant difference in the magnitude of the wall convection HTC.
Therefore, for three different S, the lower inlet and upper outlet mode is adopted as an example, as only
the inlet and outlet pressure drop exhibits a significant difference. When £ is reduced by 20%, at the 0°
inclination, the convective HTC of type b compared to type ¢ decreases by 11.1%. For various other
inclinations, the convective HTC of fluid-solid coupled wall shows a significant decreasing trend, with
a16.6% and 11.6% average decline, respectively. According to Andredaki et al. [53], as the aspect ratio
decreases, the dominant heat transfer mechanism shifts from contact line evaporation to liquid film
evaporation. The aspect ratio of the microchannel significantly influences local heat transfer
characteristics, leading to a decrease in the HTC. This is due to changes in bubble growth dynamics
during two-phase flow development, which result in a dynamic redistribution of contributions between
contact line evaporation and liquid film evaporation. Within the range of 0-75° inclination, the average
convective HTC of the type a wall increases by an average of 1.096% for every 15° increase in
inclination. The average convective HTC of the wall of type b increased by 5.353% per 15° with the
increase of inclination in the range of 0-60°. In the 0-90° range, as the inclination increases, the type ¢
wall average convective HTC per 15° average decline is 3.618%. Therefore, when using the bottom-in,
top-out method and heating the microchannel flat tube on one side against the wall, microchannel
structures with g less than 1 should be avoided to enhance the heat transfer effect at the fluid-solid
coupling interface across multiple inclinations.
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3.3. Liquid Volume Fraction and Heat Transfer Coefficient under different Re

Along the length of the tube, the Reynolds number significantly affects the refrigerant's temperature
distribution. When the mass flow rises, the volume of vapor slugs reaching the outlet of the micro-
channel decreases.[53]. As shown in Fig. 10, as the microchannel evaporator inlet refrigerant Re number
decreases, in the adiabatic wall surface at the center of the temperature, the position of superheat
gradually moves forward; from Z = 3250 mm, it gradually advances to Z = 1950 mm. The evaporator
outlet superheat gradually increased from 1°C to more than 10°C.

The temperature curve at all the Re numbers of the adiabatic wall surface monitoring point
temperature curve shows that the inlet first drops and then quickly backs up the temperature to maintain.
As the Re number of the inlet refrigerant decreases, the faster the rate of increase of the outlet refrigerant
superheat increases. At all tested Reynolds numbers, the temperature profiles recorded at the adiabatic
wall monitoring points consistently exhibited a distinct pattern: an initial temperature decrease at the
inlet region, followed by a rapid recovery. After reaching a transient steady state, the temperature
subsequently exhibited a persistent upward trend, culminating in an overheating phenomenon. With the
evaporation of the refrigerant in the tube in the second half of the curve, the surface temperature of the
adiabatic wall starts to rise gradually, and the superheating phenomenon is obvious. This phenomenon
can be attributed to the increased velocity of the generated bubble, which consequently reduces the time
available for evaporation.
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Fig. 10. Tis of Structure A (p=15°) vs Re. Fig. 11. HTC of Structure A at p=15° vs Re.

Within the range of Z=0mm to Z = 1300mm, on the microchannel flat tube evaporator's inner wall,
the convection HTC is greatly impacted by the entrance section. It steadily declines in the refrigerant
flow direction.

Subsequently, as the flow pattern stabilises, the refrigerant inside the flat tube is gradually deposited
by gravity in the direction of gravity. In a horizontal orientation, the temperature differential between
the refrigerant's inner wall and adiabatic wall diminishes. The wall convection HTC exhibits a brief
peak, as refrigerant evaporates horizontally along the wall and the refrigerant liquid volume fraction
gradually decreases in the gravity direction.

A stable air film forms inside the flat tube's wall. In the second half of the tube (Z = 3250mm to Z
= 6500mm), as refrigerant evaporation is sufficient and the refrigerant flow rate increases. The
temperature difference between the adiabatic wall monitoring point and the wall side, covered by the air
film, further decreases, resulting in a further increase in the convection HTC.

To analyze the peak values of adiabatic wall temperature and wall convection HTC at various
locations in Fig.11 and Fig.12, six points were selected along the gravity direction centered on the inlet
cross-section's X-axis. These points were used to investigate changes in refrigerant liquid volume
fraction at different locations during the boiling process along the Z-axis, under varying inlet Re
numbers. Taking the inlet Re of 3946 as an example, the refrigerant liquid completes its redistribution
within the range of Z=650mm to 1500mm due to gravity. The completion of this redistribution shifts
backward along the gravity direction.

Following redistribution, the refrigerant liquid volume fraction decreases slowly along the Z-axis,
with a gradually diminishing rate of decrease. This is attributed to the acceleration of the refrigerant in

11



the tube, influenced by the evaporator inlet and outlet pressure difference, which shortens the wall
heating time in the second half of the heat exchanger, enhancing convective heat transfer.

As the inlet Re decreases, the refrigerant liquid vapor dry position in the microchannel evaporator
flat tube gradually shifts to the Z-axis's left side. Consequently, the inflection point of the refrigerant
liquid volume fraction occurs earlier. The evaporator outlet dryness increases with decreasing inlet Re.
At the outlet points Y = 0.0405402m to Y = 0.011402m, the maximum differences in refrigerant liquid
volume fraction under different inlet Re numbers are 3.44x10, 7.40x10*, respectively.

For example, at the monitoring point Y = 0.0406402m near the center of gravity direction, as the
inlet Re increases from small to large, the location where the refrigerant liquid volume fraction reaches
0.001 differs by 604 mm, 605 mm, 617 mm, and 546 mm, respectively. The outlet refrigerant liquid
volume fraction decreases by 26.0%, 44.4%, 71.0%, and 96.3% as the inlet Re decreases from large to

small.

By analysing the effects of different inlet Re of microchannel flat tubes on the refrigerant gas-liquid
two-phase distribution, convective HTC magnitude, adiabatic wall temperature inside the tubes at
specific inclination angles, and wall heat flow density. Considering the current horizontal freezer
refrigeration system, the refrigerant charge is small, the refrigeration system is simple, the evaporator
arrangement is limited, and the compressor cost and other considerations, the micro-channel evaporator
flat tube inlet refrigerant Re number should not be lower than 3000 to ensure that the uniformity of the
internal temperature of the freezer case and the outlet superheat is maintained within 5°C.
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Fig. 12. LVF variation of structure A at width center along height versus Re: (a) Y=0.0404002m (b)
Y=0.0404402m (c) Y=0.0405402m (d) Y=0.0406402m (e) Y=0.0407402m (f) Y=0.0411402m.

4. Conclusions

To address the challenges of selecting and arranging microchannel heat exchangers during the
design phase of refrigerators, a steady-state numerical simulation of flow boiling within a large length-
diameter ratio microchannel evaporator was conducted. Using the distributed parameter method in
conjunction with the steady-state analysis model of the LEE model [47]. Based on the simulation results,
the analysis was performed to assess the consistency between the simulation data and experimental data
under the laminar flow model, as well as the influence of varying inclination angles and inlet Reynolds
numbers (Re) on heat transfer. Adjusting tube geometry and inclination angle in spiral freezer
evaporators enhances microchannel heat transfer, reducing pressure drop and maintaining proper
superheat to improve system energy efficiency. The detailed results and conclusions obtained are as

follows.
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(1) Analysis of the convective HTCs for the three structural wall surfaces of a, b, and ¢ at inclination
angles of 0-90° (aspect ratios of 1.271, 1.017, and 0.763) revealed a decrease of 16.64% and 11.56% in
HTC with decreasing aspect ratio at various inclination angles.

(2) Considering current design requirements for small horizontal freezers with low filling capacity,
the use of microchannel flat tubes with an aspect ratio less than 1 should be avoided to maintain uniform
internal box temperature.

(3) To ensure that the superheat of the evaporator outlet wall in the existing refrigeration system is
controlled within 5°C, the impact of inlet Reynolds number (Re) on pressure drop and convective HTC
of tube type a was studied in the range of Re=2000-3946. The results indicate that the inlet Re should
not be lower than 3000.
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