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ABSTRACT

The condensation flow and heat transfer characteristics of cryogenic neon inside horizontal tubes with diameters
of 1 mm and 2 mm were numerically investigated. The mass flux ranged from 20 to 187 kg/(m?s) for gravity
levels includes zero gravity, Lunar gravity, Martian gravity, and Earth gravity. The effects of gravity on the
condensation flow pattern, local condensate film distribution, and local and global heat transfer were analyzed in
detail. The gravity effect on the condensation heat transfer showed three states, including enhancement, dete-
rioration and gravity-independence, which were mainly determined by the mass flux and vapor quality. Under
normal gravity, the condensation heat transfer coefficients increased with increasing mass flux and decreasing
tube diameter. Under low mass flux, the cryogenic neon underwent enhanced condensation heat transfer under
zero gravity and reduced gravity in the high vapor quality region but deteriorated condensation heat transfer in
the low vapor quality region. By increasing the mass flux, the gravity effect was effectively suppressed, which
resulted in gravity-independent behavior of condensation heat transfer in the high vapor quality region. The
gravity effect significantly affected the liquid film distribution in the condensation process, with a more uniform
distribution of the liquid film appearing along the circumferential direction as the gravity level decreased.
However, due to the low surface tension of the deep cryogenic fluid, the condensation interface was more prone

to flow instability under reduced gravity levels.

1. Introduction

As an important component of two-phase thermal management
systems, condensers have been widely implemented in multiple in-
dustries, such as heating, ventilation, air conditioning, and refrigeration
(HVAC&R) systems on the ground and thermal control systems for
spacecraft. As space-based exploration and utilization are projected to
increase greatly in exploration depth, the working temperature control
range and space tolerability of systems require increases in stable and
efficient thermal control technologies suitable for the cryogenic tem-
perature range. In this regard, cryogenic two-phase thermal control
technology has garnered significant attention, as it offers high heat
transfer efficiency and the potential for effective weight reduction.
Despite these advantages, the changing gravity level and cryogenic

working fluid thermophysical properties also pose significant chal-
lenges, including instability at the vapor-liquid interface resulting from
the lower surface tension of cryogenic working fluid and changes in
vapor-liquid two-phase flow and heat transfer characteristics under
microgravity level. These issues must be carefully addressed to realize
the full potential of cryogenic two-phase thermal control technology for
space applications.

Condensation flow and heat transfer are important physical pro-
cesses in two-phase thermal control systems. The flow and heat transfer
performance during condensation play a crucial role in the design of
two-phase thermal management systems, due to determining the heat
transfer efficiency and operating stability of the system. A tube con-
taining condensation flow is considered to be the most suitable config-
uration for space applications. [1] In fact, the high condensation flow
stability and heat transfer coefficients commonly achieved in condensers
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Nomenclature n dynamic viscosity (Paes)

v kinematic viscosity (m?/s)
Bo Bond number p density (kg/m>)
Fr Froude number c surface tension (N/m)
Re Reynolds number K turbulent kinetic energy (J)
d tube diameter (mm) w specific dissipation rate
g acceleration of gravity (m/s) )
G mass flux (kg/(m2~s)) Subscripts .
E specific internal energy (kJ/kg) cr critical
k thermal conductivity (W/(m-K)) d droplet
h specific enthalpy (kJ/kg) € earth .
Ah latent heat of evaporation (kJ/kg) § surfac<.e Fensmn
v gas velocity (m/s) 5& superficial gas
P pressure (Pa) sat saturated state
T temperature (K) ! liquid phase

\ vapor phase
Greek symbols t turbulence
a volume fraction (~) lo liquid only
p phase change accommodate factor

are direct results of the complicated interface transport, which is usually
determined by inertial forces, surface tension and gravity. However,
limited by cryogenic temperature and microgravity conditions, there are
few reports on condensation flow in tubes under such conditions.
Commonly, experiments are carried out with a working fluid at normal
temperature or under normal gravity. Moreover, early studies of
microgravity two-phase flow mainly studied the flow pattern and pres-
sure drop under adiabatic conditions using air-water as the working
fluid. As a result, the design of flow and heat transfer performance in
condensers depends mainly on empirical correlation formulas for
normal temperature working fluids achieved from these terrestrial ex-
periments. Although early studies accumulated many achievements and
inspired methods for subsequent research on flow condensation and
boiling, most results considering adiabatic two-phase flow seem to be
not applicable to condensation flow. Therefore, a detailed analysis of the
effects of different forces on vapor-liquid behavior and heat transfer
performance in the flow condensation process is of paramount signifi-
cance to the optimization and design of condensers, especially those
used for space applications.

1.1. The influence of gravity on flow condensation

Currently, a great deal of work has been conducted to study the flow
pattern, heat transfer and pressure drop of condensing flow, but most of
this experimental research is carried out in the ground environment due
to the limited availability of microgravity-based systems. To investigate
the impact of gravity on condensation flow, a straightforward and
effective approach involves analyzing the effects of altering the gravity
direction on condensation flow under a ground gravity environment.
Another method for condensation flow experiments under Earth gravity
level is to reduce the channel size, enhance heat transfer and suppress
the effects of gravity. Therefore, studying the flow and heat transfer of
condensation and boiling in micro/mini tubes has long been a crucial
research area in two-phase thermal control systems. The present work
mainly focuses on the effect of gravity on condensation. For more
detailed discussions of micro/mini tube condensation research to
enhance heat transfer, please refer to Reference [2].

To investigate the effect of gravity on condensation, Wang and Du
[3] presented a theoretical and experimental study on downward flow of
water vapor condensation in tubes with different orientations. The
experimental tube’s inner diameter ranges from 1.94 mm to 4.98 mm,
the inclination angle range is 0°-45° and the mass flux range is
11.3-94.5 kg/(mz-s). Based on the analytical and experimental results,

the local Nusselt number of condensation flow was increased or
decreased with the inclination angle depending on the tube diameter,
vapor quality and mass flux. They explained these results as the effect of
gravity on the thickness of the condensate film.

Lips and Meyer [4] presented experimental studies of the R134a
condensation flow pattern and heat transfer coefficient through an 8.38
mm inner tube diameter in different incline angles considering the range
from vertical downward to vertical upward flow. The image results
showed that the influence of tube inclination on the flow pattern is
strongly dependent on the vapor quality and mass flux. For high vapor
qualities or mass fluxes, the flow pattern is annular and insensitive to the
inclination angle, but for low vapor qualities or mass fluxes, the flow
pattern is dependent on the inclination angle. For low vapor qualities or
low mass flux conditions, the condensation heat transfer results indi-
cated that there is an optimum inclination angle (between —15° and
—30°) corresponding to the maximum heat transfer coefficient for
downward flow, and a worst inclination angle (approximately 15°)
corresponding to the minimum heat transfer coefficient for upward
flow. The experiments of Bortolin et al. [5] for micro/mini tube
condensation yielded similar results. In their experiment, the flow
condensation of R134a inside a square tube with a hydraulic diameter of
1.23 mm was investigated. The flow directions included horizontal,
vertical upward and vertical downward flow. The results showed that
the condensation heat transfer coefficient was not sensitive to the flow
direction at a mass flux of 390 kg/ (m?-s). The condensation heat transfer
coefficient of vertical downward flow was lower than that of horizontal
and vertical upward flow for vapor quality lower than 0.6 at a mass flux
of 135 kg/(m?s). The authors explained that the downward flow might
enhance the two-phase flow stability, which acted to present the annular
flow region with a thicker liquid film and limit the slug and plug flow
pattern. To a certain extent, this also indicated that the effect of gravity
can either enhance condensation heat transfer or degrade it.

Park et al. [6] performed a series of experimental studies of
condensation of FC-72 in a circular tube with an 11.89 mm diameter for
horizontal flow, vertical downward, and vertical upward flow to assess
the gravity effects on the flow condensation flow pattern and heat
transfer coefficients. The two-phase flow images for different orienta-
tions showed that the liquid film behavior differences occurred only at
relatively low mass fluxes, with horizontal flow exhibiting stratification,
vertical downward flow exhibiting annular flow, and vertical upward
flow exhibiting falling film behavior. The heat transfer coefficient
measurements showed that gravity enhanced condensation heat transfer
for vertical downward flow, or it deteriorated condensation heat transfer
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for vertical upward flow. With the increase in the mass flux, the gravity
effect on the flow pattern and the condensation heat transfer was
weakened due to the inertial force being strengthened. It should be
noted that as the inlet mass flux increased, the schlieren fluctuations on
the upper wall of the horizontal tube in the condensing flow changed
from smooth to rough, and distinct liquid film breakage, liquid strip
pulling, and droplet entrainment occurred at the interface of the bottom
liquid film. When combined with the heat transfer coefficient data at
different mass fluxes, it is evident that increasing the vapor-phase mass
velocity at the inlet of the condensation flow will amplify the distur-
bance of the flow to the vapor-liquid interface of annular and stratified
flows, thereby enhancing the heat transfer efficiency to some extent. As
the secondary part of this study, O’Neill et al. [7] developed mechanistic
criteria for inclination angle-based flow condensation that was gravity-
independent. The condition criteria was expressed in terms of relevant
dimensionless groups, including the Froude, Reynolds, Bond and Weber
numbers. As a follow-up study, O’Neill et al. [8] investigated the
condensation flow of FC-72 in a smaller diameter tube (7.12 mm) in
different orientations. Similar conclusions were drawn regarding the
effects of mass flux, vapor quality and orientations on condensation heat
transfer as compared to their previous studies. Notably, the parametric
trend analysis for condensation heat transfer highlighted the significant
impact of mass flux, with vapor quality being the next most significant
factor.

The aforementioned experimental studies on the inclination angle
and flow direction of the under normal gravity indicate that the effect of
gravity on the condensation heat transfer should not be ignored, espe-
cially under small mass flux and low vapor quality conditions. In fact,
the implicit and explicit effects of gravity are determined by the local
competition of forces on the liquid film in the two-phase system under
forced convective flow. For a specific working condition, a change in
gravity level or direction will eventually lead to a change in the force
state of the liquid film, but the influence of this change on the two-phase
flow and heat transfer mainly depends on the resulting force state
driving the local liquid film movement. When the vapor and liquid are
mainly driven by inertial forces, gravity and surface tension effects
might be suppressed. When the motion of the vapor and liquid film is
driven by gravity or buoyancy, the gravity effect is significant in two-
phase flow.

Compared with the experimental study of condensation under
normal gravity, the experimental study of condensation under a
microgravity environment is very rare, due to the scarcity of micro-
gravity experimental resources as a result of their high cost. Lebaigue
et al. [9] conducted microgravity condensation flow experiments aboard
sounding rocket MASER-9 and obtained six sets of effective condensa-
tion heat transfer experimental data. In this experiment, a pumped two-
phase loop was adopted, ammonia was used as the working fluid, and
the tube was made of aluminum with an inner diameter of 4.8 mm. The
maximum heat load was 150 W, and the maximum flow rate was about
24 kg/(m?.s). Comparing the obtained microgravity condensation flow
heat transfer coefficient with several commonly used condensation heat
transfer models, the results showed that the classical model could not
correctly predict the condensation heat transfer coefficient under
microgravity conditions, and there were even differences of magnitude.
However, it was not possible to determine the effect of gravity on flow
condensation because there was no controlled ground experiment.

Kawasaki et al. [10] reported the test results of condenser operation
in a reservoir-embedded loop heat pipe (LHP) system on the KIKU-8 test
satellite in Japan. The condenser was an aluminum snake pipe with an
inner diameter of 4.5 mm and a total length of 5.5 m, which was
implanted in the expanded radiator. The maximum heat load reached
400 W, the working fluid was ammonia, and the operating temperature
range was — 40 to 60 °C. The experimental results show that the length
of the two-phase zone does not change with the heat load and is close to
that of complete condensation under normal gravity. Under space
microgravity conditions, the length of the two-phase region increases
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with increasing heat load and is equal to the length of the condenser at
high heat flux. However, when the heat load is low, the two-phase zone
is shorter in space microgravity than on the ground, which reflects the
enhanced heat transfer. Under the condition of a high heat load, the
steam cannot be completely condensed in the space environment, and
the outlet of the condenser is still in a two-phase state, which reflects
that the heat transfer deteriorates.

As a prelude to NASA’s development of the Flow Boiling and
Condensation Experiment (FBCE) for the International Space Station
(ISS), Li et al. [11,12] performed annular flow condensation studies of
FC-72 inside a smooth 7.12 mm inner diameter tube under microgravity
and reduced gravity in parabolic flight experiments. The mass flux of FC-
72 ranged from 129 to 340.5 kg/(m?s), and the saturation temperature
range was 60-63.4°C. The experimental results of the microgravity
annular flow pattern under different mass fluxes showed that the mass
flux rate presents a great influence on the condensate film morphology.
At lower mass flux, the liquid film under microgravity was smooth and
laminar, and with increasing mass flux, the liquid film showed obvious
multiscale ripple and turbulence. Compared with the annular flow pat-
terns under different gravity levels, the effect of gravity on the
morphology of the liquid film was more obvious only under the low
mass flux condition. With the increase in gravity level, the thickness of
the liquid film at the bottom of the tube was significantly thicker.

Recently, experimental parabolic flight microgravity data were
collected by Azzolin et al. [13,14] corresponding to flow condensation
of HFE-7000 inside a 3.38 mm inner diameter channel with a mass flux
range of 30-170 kg/(m?s). The flow pattern visualizations showed that
the condensate film as thicker at the bottom and not visible at the top of
the tube under both normal gravity and hyper gravity. Under micro-
gravity conditions, the liquid film tended to spread along the inner
circumference of the tube, while interfacial waves of varying sizes
rippled across the phase interface. As the mass flux increased, the
interface became more disrupted. A comparison of the condensation
heat transfer coefficients between microgravity and normal gravity
revealed a striking contrast in the effects on heat transfer. Under normal
gravity, the heat transfer process was strengthened, while under
microgravity, the heat transfer rate was deteriorated, especially under
lower mass flux. This phenomenon can be mainly attributed to the in-
fluence of gravity on the liquid phase distribution within the conden-
sation channel, which in turn affects the heat transfer mechanism during
the condensation process. Furthermore, the degree of heat transfer
enhancement is closely related to the mass flux, with the shear stress of
the vapor acting on the liquid film becoming the dominant factor in the
condensation process as the mass flux increases. Consequently, the in-
fluence of gravity on the condensation heat transfer weakens.

It should be noted that achieving a steady state in condensation flow
takes a relatively long time and thus requires a longer microgravity
period. However, the microgravity time provided by parabolic aircraft is
only approximately 20 s. To reduce the experimental response time,
specific measures must be implemented, such as maintaining a consis-
tent flow rate of the condensing working fluid and ensuring supercooling
of the walls. Hence, the acquired condensation flow and heat transfer
data through parabolic aircraft necessitate meticulous evaluation and
analysis.

1.2. The condensation flow of the cryogenic working fluid

Similar to the limited resources of microgravity experiments, the
condensation flow of working fluids under cryogenic temperature also
requires extremely strict experimental conditions to accurately measure
the pressure drop, temperature and flow pattern. Therefore, experi-
mental studies of condensation flow and heat transfer of cryogenic
working fluids are much less prevalent than that for normal temperature
working fluid. Qi et al. [15,16] designed a set of experimental obser-
vation platforms for cryogenic temperature condensation flow and
experimentally studied the heat transfer coefficient, friction pressure
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drop and flow pattern observation results during the condensation flow
of nitrogen working fluid. The experiments were conducted at saturation
temperatures ranging from 101.0 to 106.6 K, with mass fluxes ranging
from 13.1 to 78.6 kg/(m2~s) for a 2 mm tube and from 52.4 to 314.0 kg/
(m?-s) for a 1 mm tube. The observation results show that the horizontal
two-phase flow patterns in the condensation flow process of nitrogen
working fluid are mainly annular flow, stratified flow and bubble flow.
The condensation heat transfer coefficient data of horizontal and ver-
tical downward flow were obtained. For a 2 mm diameter tube, the
horizontal flow condensation heat transfer coefficient was higher than
the vertical downward flow under the same conditions, especially at
lower mass flux. As the mass flow rate increased, the difference between
the two decreased. However, for a 1 mm diameter tube, even at higher
mass flux, the horizontal flow condensation heat transfer coefficient was
still higher than the vertical downward flow, especially in the high vapor
quality region.

Using the same cryogenic testing platform, Qi [17] conducted
condensation flow experiments with neon as the working fluid in 1 mm
and 2 mm inner diameter tubes, and the experimental saturation tem-
perature was approximately 37.5 K. The heat transfer coefficient and
pressure drop of the neon condensation flow in these small diameter
tubes were obtained. The results showed that the tube diameter
imparted a significant impact on the condensation heat transfer coeffi-
cient and reducing the tube diameter enhanced the condensation heat
transfer. However, due to the temperature limitations of the visualiza-
tion equipment, the condensation flow pattern of neon was not obtained,
and the discussion of the flow pattern was only based on the results
acquired with nitrogen as the working fluid. However, because there is
an order of magnitude difference in the surface tension between nitro-
gen and neon, the flow pattern analysis model that they applied may not
be applicable.

The condensation flow and heat transfer results of the cryogenic
working fluid show that the correlations of the heat transfer coefficient
and friction pressure drop established based on the experimental data
using normal temperature working fluid cannot achieve accurate pre-
diction for a cryogenic working fluid. This is mainly caused by the dif-
ference in the thermophysical properties of the working fluid. The low
latent heat of vaporization and the small surface tension of the cryogenic
temperature working fluid may lead to a large change in the vapor-
-liquid two-phase flow heat transfer characteristics during the flow
condensation or boiling.

1.3. Numerical simulation of flow condensation

Compared to experimental research, numerical simulation can cap-
ture more physical parameters that are difficult to observe in detail in
experiments. It is therefore widely used in scientific research. Currently,
the primary simulation methods for condensation include the Volume of
Fluid (VOF) method, the Euler two-fluid model, and the mixture model
[18]. Among these, the VOF method has gained widespread popularity
due to its capability to capture the clear vapor-liquid interface and the
dynamics of the interface behavior with remarkable precision. As such,
it has become the favored simulation method for investigating flow
condensation processes.

Da Riva and Del Col [19] used the VOF method to simulate and
analyze the effects of gravity during the condensation of R134a in a 1
mm inner diameter tube. Their simulation results showed that the
condensation heat transfer process is dominated by gravity at lower
mass fluxes, whereas the influence of gravity is negligible at higher mass
fluxes. The effect of surface tension on flow condensation was analyzed,
and the results indicated that it surface tension showed an insignificant
impact on the heat transfer coefficient. Neglecting surface tension even
enhanced heat transfer (to some degree) at lower vapor quality ranges.
Furthermore, the authors compared the heat transfer coefficients of
vertical downward flow condensation and horizontal condensation
under normal gravity and found significant differences between the two,
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with the former being significantly lower than the latter in the lower
range of vapor quality. Prior, Riva et al. [20] performed a detailed
analysis comparing the effects of laminar and turbulent liquid film
models on the calculation of condensation heat transfer coefficients. The
results showed that at high mass fluxes, the laminar liquid film model
significantly underestimated the condensation heat transfer coefficient,
and the condensation heat transfer coefficient values corresponding to
different quality conditions were very similar. However, at low mass
fluxes, the liquid film turbulent model overestimated the experimental
values. This provides an important reference for setting up turbulent
models in condensation flow simulations.

Li et al. [21] numerically investigated the heat transfer characteris-
tics of R410A condensation in horizontal tubes with an inner diameter of
3.78 mm under normal and reduced gravity. The results showed that at a
lower mass flux, increasing the gravity level leads to an increase in heat
transfer coefficients, while differences under varying gravity levels are
insignificant at higher mass fluxes. The liquid film thickness decreases
with increasing gravity at the top of the tube, while the average liquid
film thickness is nearly the same under different gravity levels for the
same vapor quality and mass flux. Local heat transfer coefficients in-
crease with increasing gravity at the top of the tube and decrease with
increasing gravity at the bottom. The relative proportion of the thin
liquid film region with respect to the entire channel is thus crucial for
determining the overall heat transfer coefficients in condensing flow.

Wen et al. [22] conducted a simulation analysis of circular tube
condensation of R1234ze(E) in the range of tube diameters from 0.493
to 4.57 mm using the VOF model. The simulation results showed that a
decrease in tube diameter would significantly reduce the liquid film
thickness, and the effects of gravity on the liquid film and velocity dis-
tribution would result in a combined effect, leading to both enhanced
and deteriorated heat transfer during the condensation process. Gu et al.
[23] achieved similar results in their numerical studies of the conden-
sation characteristics of R1234ze(E) inside an inclined circular tube with
a diameter of 4.57 mm. The simulation results showed that the incli-
nation angle had a negligible effect on heat transfer coefficients at high
mass fluxes and vapor qualities, but could cause an increase or decrease
in heat performance when decreasing the mass flux and vapor quality.
Additionally, at the same inclination angle, slightly higher heat transfer
coefficients were observed for vertical downward flow.

The above models were all based on steady-state calculations and
thus cannot accurately describe dynamic behaviors in flow and
condensation, such as intermittent flow and slug flow. Additionally, the
steady-state solution method ignores the dynamic behavior of the
vapor-liquid interface, which has an important impact on the process of
condensation flow and heat transfer. Ganapathy et al. [24] used a two-
dimensional transient model to simulate the flow and heat transfer
characteristics during R134a condensation in a 0.1 mm diameter tube,
obtaining the flow condensation pattern. By comparing the two-phase
friction pressure drop and Nu number correlation, the predictive accu-
racy of the model was evaluated. Lei et al. [25] established a three-
dimensional transient simulation model of FC-72 flow condensation in
a 1 mm square tube and analyzed in detail the effects of turbulence
intensity and mass transfer intensity on the simulation results based on
experimental data. The reliability of the model was verified by
comparing simulated and experimental data on the wall temperature.

It is obvious that the transient simulation analysis is less than the
steady-state simulation. This is mainly due to the time consuming and
low efficiency of transient simulation. For this problem, conventional
computational fluid dynamics (CFD) methods do not have a suitable
solution. However, with the development of machine learning and
intelligent algorithms, new efficient and accurate computing methods
will be developed. Machine learning method is one of the effective
methods to deal with complicated transient problems. With the help of
machine learning method [26,27], the time-consuming problem of
traditional CFD transient calculation can be effectively reduced on the
premise of ensuring calculation accuracy. In conclusion, the above
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studies fully demonstrate the feasibility of simulating flow condensation
phenomena through numerical analysis.

1.4. Objectives of the present study

Based on previous experimental and simulation studies on the effects
of pipe inclination and gravity orientation on flow condensation, we
determined that the gravitational effect strongly depends on the mass
flux, vapor quality, and two-phase flow pattern. However, most
condensation flow studies are focused on room temperature working
fluids, such as R134a and R1234ze(E). Due to experimental limitations,
the study of flow patterns and heat transfer coefficients in the conden-
sation flow of cryogenic working fluids is still very limited. Moreover,
previous experimental studies have shown that the condensation flow
and heat transfer characteristics of cryogenic working fluids are signif-
icantly different from those of room temperature working fluids.
Therefore, it is necessary to carry out detailed numerical simulation
studies on the condensation flow and heat transfer performance of
cryogenic working fluids to better understand the flow and heat transfer
performance and the influence of gravity on cryogenic condensation
flow. In the present work, the condensation flow and heat transfer
characteristics of neon working fluid are numerically investigated inside
1 mm and 2 mm diameter tubes under different conditions. The nu-
merical model was validated by flow condensation heat transfer coef-
ficient experimental data of a neon working fluid. The effects of tube
diameter, mass flux, and gravity level on flow condensation patterns,
heat transfer coefficients, and local liquid film distribution characteris-
tics were discussed. This study aims to provide new insights into the
analysis of the effects of gravity on cryogenic condensation flow and
heat transfer. The related research will help guide the design and opti-
mization of cryogenic condensers under different gravity levels.

2. Numerical models

The VOF model proposed by Hirt and Nichols [28] is used in this
simulation to calculate the phase distribution during the condensation
process, combined with an interface reconstruction algorithm to capture
the interface behavior. The basic assumptions of the current VOF model
include the following:

(1) The vapor and liquid phases are incompressible fluids.

(2) The physical properties of the working fluid, including density,
specific heat capacity, surface tension, and latent heat of vapor-
ization are constant for a certain saturation temperature.

(3) The nonequilibrium thermodynamic effects are ignored during
the phase change process. Mass transfer between the vapor and
liquid phases only occurs at the interface, which indicates that
the condensation process can only occur in the two-phase region.

(4) Interfacial shear velocity is ignored, which indicates that the
vapor and liquid phase velocities are the same for the two-phase
control volume.

(5) The influence of buoyancy-driven convection on turbulence is
neglected.

2.1. The VOF model
The calculation of the vapor-liquid interface in the VOF model is
obtained using the continuity equation for the volume fraction of the

vapor and the liquid phase. The unsteady continuity equation of the
volume fraction is shown in the following equation:

%(Wv) +v. ((1/}7) _ (m[ - m,) &)

where a is the volume fraction of the vapor phase, p is the density, and
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the subscripts [ and v denote the liquid phase and vapor phase, respec-
tively. my, is the mass transfer intensity from the liquid to vapor phase,
whereas m,,; is the mass transfer intensity from the vapor to liquid phase.
The calculation of mass transfer intensity during phase change will be
discussed in detail in the phase change model section.

The above equation can be used to calculate the volume fraction of
the control volume. The mixture density of the control volume is
calculated using the following equation:

p=ap,+(1-a, )

It should be noted that not only is the mixture density of the control
volume calculated using the above method, but other physical proper-
ties inside the control volume are also determined in the same form. The
viscosity and thermal conductivity in the control volume are defined as
follows:

p=oap,+(1—ay (3)
and
k=ak,+ (1 —a)k 4)

Since the interphase velocity difference inside the control volume is
ignored, only one set of momentum equations is needed to describe the
change in momentum inside the control volume. The following equation
describes the unsteady momentum:

d — —— — — — =
a(pv)JrVA(pvv):7VP+V'[/4(Vv+VvT)]+/7g+F: 5)

where p, v, P, |1, g and F; are the mixture density, velocity, local pressure,
mixture viscosity, gravity acceleration and surface tension force,

Table 1
The condensation phase transfer intensity factor value.
Year Author Working Condition Ye
fluid

2011 Da Riva et al. R134a G = 100-800 kg/ 7.5 x 10° -1
(m?%s) x 107
Teae = 40 °C

2012 Liu et al. Water Ui, = 1-3 m/s 5000
Teae = 100 °C

2013  Bortolin et al. R134a G = 400-800 kg/ 1 x 10°-5 x
(m?>s) 10°
Teae = 40 °C

2014 Chen et al. FC-72 G =68-150 kg/(m2-s) 33,000
Tsat = 60 °C

2015 Lee et al. FC-72 G = 184.4-459 kg/ 10,000
(m*s)
Tsar = 63.5-86.6 °C

2016  Kharangate FC-72 G = 58.4-271.5 kg/ 10,000

et al. (m?%s)

Tsat = 69.05-74.55 °C

2017 Lietal. R410a G = 426-1026 kg/ 1.5 x 10°
(m?s)
Tsat = 47 °C

2018 Wu and Li R32 G = 100-200 kg/ 3.33 x 10°
(m*s)
Tsat = 40-50 °C

2019 Gu et al. R1234ze(E) G = 400-800 kg/ 8 x 10° -3 x
(m?*s) 10°
Teae = 40 °C

2020 Lei et al. FC-72 G =68-367 kg/(m2~s) 33,000

Tsar = 57.2-62.3 °C
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respectively. The surface tension force plays a crucial role in conden-
sation within microchannels. To determine this term, the continuum
surface force (CSF) model developed by Brackbill et al. [29] was
utilized:

— poVa; Va,

F, = ———— V- (6)
0.5(p,+p,)  |Vai

Similarly, since the convective heat transfer between the two phases
inside the control volume is ignored, only one set of energy equations is
needed to describe the energy exchange between the control volume and
the outside world. The unsteady energy conservation equation is given
as follows:

0
S PE)+ VT (E + P)] = V-k(VT)] + (m - m> A %
where E, T and /\h are the specific internal energy (energy per unit

mass), temperature and latent heat of evaporation, respectively. The
mixture-specific internal energy is expressed as:

E— ap,E, + (1 — a)p,E;

8
ap, + (1 —a)p, ®

In the above equation, the vapor phase-specific internal energy is
defined as:
PV’

E =h——+= ©)]

where h, is the specific heat of the vapor phase. The liquid phase-specific
internal energy is determined in a similar way.

2.2. Turbulence model

In the process of flow condensation, turbulent effects play a crucial
role, and the turbulent states of each phase directly impact the flow and
heat transfer performance during condensation. In this numerical study
of neon flow condensation, the Reynolds number (Rep) of the fully
liquid phase of the working fluid in different pipe diameters reaches
orders of magnitude ranging from 10° to 10*. Therefore, it is necessary
to consider the influence of turbulence. The Shear-Stress Transport
(SST) k-0 model [30] has been widely used in previous simulation
studies on condensation and is considered to effectively describe the
turbulent effects in the condensation process. The turbulent kinetic en-
ergy and specific dissipation rate in the SST k-0 model can be described
by the following transport equations:
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2.3. Phase change model

Among these phase change models, the Lee model [31] has gained
widespread popularity due to its relatively clear physical meaning and
relatively simple expression at the macroscopic level: when the vapor
phase temperature is lower than the saturation temperature, the vapor
phase condenses; otherwise, the liquid phase evaporates. As such, it has
become the favored method for the description of phase change pro-
cesses. The formula is expressed in the following form:

(Tl - Ts'at)
T,

sat

(T.mt - Tv)
T.

sat

mi_, =7y, *xap; evaporationT; > Ty,
12)

My, =7y, * AP, evaporationT, < Ty,

where p is the density, T is the temperature, and a is the volume fraction.
The subscripts [, v, and sat denote the liquid phase, vapor phase, and
saturation, respectively. m is the mass transfer rate of phase change per
unit volume, y is the adjustment factor of phase change mass transfer
intensity or frequency of phase change, and the subscripts e and c denote
evaporation and condensation, respectively.

In fact, the Lee model is deduced from the Hertz-Knudsen and
Clausius-Claperyon equation by introducing the interface area density
model. The phase change intensity factor is a function of the properties
and some model parameters, such as the bubble or droplet diameter and
the phase change accommodation factor. For condensation, the phase
change intensity factor is expressed as follows:

6Ah | M ap,
= —p —_— 1
e dd / ZI[RTY[H <ﬂz —pP ( 3)

where p denotes the phase change accommodation factor, which is
commonly used to characterize the thermodynamic nonequilibrium of
the phase transition process. When p = 1, the phase change process is in
a state of thermodynamic equilibrium. The equivalent diameter, dg, is
dependent on the configuration of the interface surface density. For the
symmetric interfacial area density model, d represents the diameter of
the condensed liquid nucleus, although it is challenging to assign a
precise value to this parameter.

The phase change mass transfer intensity factor is subject to in-
fluences such as the working fluid, grid, and operating conditions,
making it difficult to determine a universal value for this factor. The
condensation mass transfer intensity factor exhibits a broad range of
values. However, for condensation simulations, this value is often
assigned a relatively large order of magnitude. Table 1 presents the
values of the phase change mass transfer intensity factor used in some

0 — revious condensation flow simulations. Riva et al. [3] used a range of
= (apx) + V-(q = V-(aplyVk) +u 8> — ®+G, 10 P : :

6t( Pr) (apvx) (@pTu Vi) + i, Phx b a0 values of 10° to 107 when calculating R134a condensation, whereas Lei
0 1

= (apw) + V-(apV ) = V-(apl'y Vo) + 1,8 — ppar +2(1 — F))p———— ViV + Gup an
ot v, 1.168w

where «, o, i, S and v; are the turbulent kinetic energy, specific dissi-
pation rate, turbulent viscosity, strain rate magnitude and turbulent
kinematic viscosity, respectively. I', and I'e represent the effective
diffusivity of turbulent kinetic energy and specific dissipation rate,
respectively. G, and G, account for buoyancy terms. o,  and F are the
coefficients of the model.

et al. [7] set this value to 33,000 after comparing the wall temperature of
FC-72 condensation experiments. Methods for determining the phase
change intensity factor include comparison with experimental data,
controlling the interface temperature difference to approximately 1 K,
and utilizing empirical values. Based on numerical simulation, setting
the mass transfer intensity to a small value might cause a large tem-
perature jump, while setting it to a large value might pose a challenge
for ensuring simulation convergence. In this simulation study, setting
the mass transfer intensity factor to 30,000 resulted in a deviation of
approximately 1 K between the interface temperature and the saturation
temperature while ensuring favorable convergence.
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2.4. Solution method

The condensation flow simulation adopts the transient solution
method by using ANSYS FLUENT [32]. The transient term in the equa-
tion adopts the first-order implicit scheme. The VOF equation is solved
by the explicit difference method, and the Courant number is set to the
range of 0.25-0.5. The interface capture method is the geometric
reconstruction algorithm (Geo-Reconstruct). The Pressure-Implicit with
Splitting of Operators (PISO) is used for speed and pressure coupling
equations, and the PRESTO! (PREssure STaggering Option) algorithm is
used to determine the pressure difference. The gradient of variables is
calculated using the element-based Green-Gauss algorithm. The mo-
mentum and energy equations are discretized by a second-order upwind
difference scheme, and the turbulent kinetic energy and specific dissi-
pation equations are discretized by a first-order upwind difference
scheme.

3. Model validation
3.1. Computational domain and boundary conditions

In this simulation, a planar symmetry tube is used to model flow
condensation in a horizontal microtube to reduce the computational
resources and time. Fig. 1 shows the basic configuration of the hori-
zontal tube. All these simulation results concern neon condensation
flow. The saturation temperature of neon ranges from 24.5 to 44.5 K,
which is relatively low. The main thermophysical properties for neon at
the corresponding temperature are obtained from the NIST Standard
Reference Database REFPROP-v9.0 tool [33]. The condensing flow of
the neon working fluid at saturation temperatures of 34.5 K and 37.5 K
are used. The thermophysical properties corresponding to the saturation
temperatures are shown in Table 2.

The flow and condensation processes of neon inside circular tubes
with inner diameters of 1 mm and 2 mm are numerically simulated for
mass fluxes ranging from 20 to 187 kg/(m?s). The radial thickness of the
first layer of near-wall meshes is every important for flow condensation
numerical simulation. The distance to the nearest wall is usually eval-
uated by the non-dimensional distance (y*). The formulation shows as
follow:

N
y = ypT” a4

where y* is non-dimensional distance, u* is the friction velocity at the
nearest wall, y is the distance to the nearest wall and p is the local vis-
cosity of the fluid.

In present work, the SST k-» model was used to capture turbulence
characteristics in the near-wall region. The value of y* is usually set as 1
for SST k- model. The radial thickness of the first layer of near-wall
mesh is calculated by the inlet vapor phase parameters of the
maximum mass flux condition. This setup also provides sufficient reso-
lution for near-wall liquid film flows and smaller mass fluxes. When the
saturation is 34.5 K, the calculation thickness of the first layer of near-
wall meshes is about 1.2 pm for mass flux 187 kg/(mzls). In order to
meet the requirements of calculation accuracy, and reduce the
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Fig. 1. The representation of the computational domain and the grid
configuration.
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calculation workload as much as possible, the radial thickness of the first
layer of near-wall meshes set within 1-2 pm in current simulation, while
the central area of the cross-section is relatively rough, with a range of
50-100 pm.

To ensure smooth progress of the working fluid condensation during
the experiment, the wall needs to maintain sufficient subcooling. In the
neon flow condensation experiments conducted by Qi et al [17], the
condensation test section is designed as the heat flux control condition.
Therefore, a constant heat flux condition is adopted for the condensing
wall in the model, with the heat flux value set to 7500 W/m?. The inlet is
set to a fully developed velocity condition and the outlet is a pressure
outflow boundary condition. The neon vapor at the inlet is saturated
with a thermal equilibrium quality of 1. The thermal equilibrium quality
is defined as follow.

mAh — nDLg
X = (15)
where r is the mass flow rate, /\h is latent heat of evaporation, L is the
length from the inlet, q is the heat flux.

3.2. Grid verification

For computational fluid dynamics, the size of the mesh is a critical
factor in the accuracy of the simulation results. Theoretically, the
smaller the grid scale is, the higher the accuracy of the calculation re-
sults, yet the greater the consumption of computational resources and
time. Therefore, grid verification is required to ensure the accuracy of
calculation and reduce the consumption of computing resources. To-
ward this goal, the heat transfer coefficients at different grid scales were
obtained for condensation flow with a mass flux of 187 kg/(mz-s) and
saturation temperature of 37.5 K. Because the axial velocity gradient of
the working fluid flow condensation in a horizontal tube is greater than
that of the radial and circumferential gradients, the grid is refined along
the axial direction while ensuring that the cross-sectional grid topology
remains unchanged. Fig. 2 compares the time averaged local conden-
sation heat transfer values as given by simulation and experiment [17],
for different grid configurations. With an increase in the number of
computational grids, the calculated condensation heat transfer coeffi-
cient gradually approaches a stable value, as shown in Fig. 2(a).
Although there is a slight increase in the condensation heat transfer
coefficient for certain quality when the grid number reaches 1.38
million, it does not significantly affect the overall trend towards stabil-
ity. This might be attributed to the finer grid refinement, which allows
the Volume of Fluid (VOF) interface reconstruction algorithm to capture
smaller suspended liquid droplets. The corresponding discussion also
was reported by Zhang et al. [34]. They point out that the more refined
grid result in smaller droplets being captured, causing the simulation
results to deviate from the actual experiment. To some extent, which
might reduce the thickness of the liquid film near the wall. As the
condensation heat transfer coefficient is sensitive to the thickness of the
liquid film, the reduction in film thickness leads to a slight increase in
the local heat transfer coefficient. Furthermore, Fig. 2(b) presents the
relative errors between the simulated values and experimental values for
different grid numbers. The relative error is defined as the difference
between the simulated and experimental values divided by the experi-
mental value. As shown in Fig. 2(b), when the grid number reaches
680,000, the relative errors for moisture content 0.91, 0.4, and 0.13 are
4.8%, 6.9%, and 11.1%, respectively. With increasing grid numbers, the
relative errors between the simulated values and experimental values for
different moisture contents do not exhibit significant variations. Based
on the above analysis, to manage computational costs, grid sizes from 1
pm to 100 pm (corresponding to 680,000 cells) were used for subsequent
simulations, with the cross-sectional topology remaining unchanged.
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Table 2
Thermophysical properties of the working fluid.
Working fluid Tsat Pgat pl Py m Iy ki ky Ah 4
(C) (MPa) (kg/m>) (kg/m%) (pPa.s) (pPa.s) (mW/meK) (mW/meK) (kJ/kg) (mN/m)
Ne 34.5 0.588 1056.40 50.20 61.454 6.157 111.24 10.337 72.630 2.439
Ne 37.5 0.994 977.92 86.40 48.489 6.996 93.156 12.615 63.898 1.555
Ny —173.15 0.778 689.353 31.961 75.758 7.429 100.112 10.726 160.975 4.086
R134a 40 0.933 1159.920 45.786 168.037 12.219 76.063 15.081 166.302 6.509
FC-72 57.3 0.102 1557.8 13.38 421.93 11.884 62.579 13.026 84.420 8.178
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Fig. 2. Comparison of the heat transfer coefficient of condensation inside the tube for different grid densities. (a) The comparison between simulation and
experiment results (the dashed lines in the figure are the experimental heat transfer coefficients for specific qualities). (b) The relative errors relative errors between

the numerical and experimental values.
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Fig. 3. Flow regime comparison between simulation and experiment.

3.3. Flow pattern comparison between simulation and experiments

Utilizing the aforementioned grid, a simulation analysis was con-
ducted to investigate the condensation flow of neon within the 1 mm and
2 mm diameter pipes at a mass flux of 20 kg/(m?-s), to yield flow pat-
terns of the condensation process. The two-phase flow pattern during
condensation is depicted in Fig. 3, revealing predominantly annular
flow, wavy/stratified flow, and slug/bubbly flow. Due to the strict re-
quirements of environmental temperature and experimental materials
for visualizing two-phase flow patterns under deep cryogenic condi-
tions, no flow pattern maps have been reported previously for neon
condensation in microtubes. In this study, the nitrogen condensation
flow pattern observation results obtained by Qi [17] were employed for
comparison. Fig. 3 presents the nitrogen flow pattern under a mass flux
condition of 20-40 kg/(m?%s) in 1 mm and 2 mm diameter tubes. By
comparing the experimental flow patterns, it can be seen that the main
flow patterns of the nitrogen working fluid are annular flow, stratified
flow, and slug flow for the 2 mm diameter tube. The simulated flow
pattern of neon condensation is the same as that of nitrogen, except that
the thickness of the liquid film at the bottom of the tube under bubble
flow seems to be thicker. For the 1 mm diameter tube, the flow pattern of
nitrogen is still dominated by annular flow, stratified flow, and bubble
flow, but the simulated condensation flow pattern of neon shows a more
obvious wavy stratified flow. In addition, the condensation tail bubbles
of nitrogen in the experiment exhibit a symmetric distribution along the

middle plane of the pipe, while the axial center of the condensation tail
bubbles of neon is clearly offset toward being further upward in the tube.
This indicates that the gravity effect may present a more significant
influence on the flow pattern of neon condensation, which may be
attributed to the surface tension of neon being smaller than that of ni-
trogen (Table 2). Nevertheless, the flow pattern obtained from the
simulation of neon condensation is consistent with the observation re-
sults of the nitrogen condensation flow pattern, which somewhat ver-
ifies the rationality of the current model.

10

—— NUM - 187 kg/(m’-s)
—— NUM - 80 kg/(m’'s)
84 O EXP-187 kg/(m’s)
O EXP - 80 kg/(m’'s)

~~
&
« 6
g
=
S~
-~
2] T, =375K

0.0 0.2 0.4 0.6 0.8 1.0
x/~

Fig. 4. Comparison of the heat transfer coefficients between simulation
and experiment.
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4. Results and discussion
4.1. Influence of mass flux on flow condensation

Fig. 4 shows a comparison between the simulation and experimental
results [17] of the condensation heat transfer coefficient in a 1 mm tube
under different mass flux conditions. The saturation temperature is 37.5
K and the inlet working fluid is saturated vapor. It should be noted that
the quality value in the experimental test is defined as the average value
of the thermal equilibrium quality at the inlet and outlet of the test
section. In the experimental test, because the difference between the
wall temperature and the saturation temperature working fluid is very
small, the variation difference between the quality of the condensation
outlet and the inlet of the test section is also small. Therefore, the test
section average quality is very closed to the actual quality, which can be
used to analyze the condensing heat transfer coefficient. Shown as Fig. 4,
The simulated and experimental results under different working condi-
tions are relatively similar and show high consistency, which verifies the
reliability of the model. In addition, as shown in Fig. 4, the condensation
heat transfer coefficient of the neon is primarily influenced by the mass
flux and vapor quality, which affect the distribution and motion of the
wall condensate film. In fact, the intensity of condensation heat transfer
depends mainly on the distribution and motion of the wall condensate
film. A lower vapor quality leads to higher liquid holdup in the cross
section, which increases the average thickness of the cross-sectional
liquid film, resulting in a smaller condensation heat transfer coeffi-
cient. On the other hand, increasing the inlet mass flux improves the
velocity of the two-phase flow, the interfacial shear velocity between the
vapor and liquid phases, and the interfacial convective heat transfer
between the two phases. This, in turn, improves the heat transfer effi-
ciency, particularly when the liquid film enters the turbulent state.
Additionally, when the interfacial velocity between the vapor and liquid
phases reaches a certain value, the interfacial shear effect becomes more
significant. A notable feature is that this effect drives the formation of a
wavy liquid film while reducing the thickness of the wall liquid film,
thereby improving the condensation heat transfer efficiency.

To analyze the effects of the vapor quality and mass flux on the
distribution and thickness of the liquid film, Fig. 5 shows the circum-
ferential thickness of the wall liquid film as a function of the mass flux
and vapor quality. Under the same mass flux conditions, the analysis of
the cross-sectional liquid film distribution shows that gravity affects the
distribution of the neon working fluid condensation film in a 1 mm tube.
Under the action of gravity, the top condensation film moves toward the
bottom of the cross section, forming a thicker liquid film at the bottom of

180 T T T T T T T T
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Fig. 5. The effect of mass flux on the distribution of the cross-sectional
condensate film.
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tube, as shown in Fig. 5. As the quality decreases, it becomes noticeable
that the liquid film at the bottom of tube significantly thickens, while the
change in thickness of the top liquid film remains relatively small. In
some range (0 = 10°-40°), there may even be instances where the top
liquid film thickness under low quality conditions is smaller than that
under high quality conditions. However, it is important to note that this
thinning of the top liquid film has a negligible influence on the local
condensation heat transfer coefficient, especially when compared to the
significant increase in thickness of the bottom liquid film. Similarly,
from the liquid film distribution graph, it can be seen that under the
same vapor quality conditions, increasing the mass flux reduces the
thickness of the wall liquid film, which is more evident at high vapor
quality. Furthermore, comparing the circumferential liquid film thick-
nesses under a vapor quality of 0.7 and when 0 is greater than 110°, the
liquid film thickness under high mass flux conditions is significantly
smaller.

4.2. The effects of tube diameter on flow condensation

Fig. 6 presents a comparison of the condensation heat transfer co-
efficients of the neon working fluid in 1 mm and 2 mm diameter tubes
under a mass flux of 20 kg/(mz-s). The results indicate that the heat
transfer coefficient is significantly affected by the tube diameter, with
smaller diameters enhancing the condensation heat transfer. Specif-
ically, at the corresponding most vapor quality range, the heat transfer
coefficient in the 1 mm diameter tube is higher than that in the 2 mm
diameter tube, as shown in Fig. 6. This occurs mainly because under the
influence of gravity, the condensate film moves downward along the
tube wall, forming a thicker liquid film at the bottom of the tube. As the
tube diameter increases, the effect of gravity becomes more pronounced,
resulting in a thicker liquid film at the bottom and lower condensation
heat transfer efficiency. Additionally, the heat transfer coefficient in the
1 mm diameter tube exhibits a significant increase and sharp decrease in
the low vapor quality region, which is similar to the findings of Wu et al.
[35] and is more pronounced in their simulation, which used a 0.1 mm
diameter tube. This occurs mainly due to the strong transient effect of
liquid bridge-plug-bubble detachment during the transition from
annular flow to slug flow. The formation of a liquid bridge implies the
presence of a bubble plug, which significantly enhances the condensa-
tion heat transfer in the thin liquid film region between the bubble plug
and the tube wall. However, as the condensation process continues, the
bubble plug gradually condenses into a small bubble that is enveloped
by the mainstream liquid, resulting in a decrease in the condensation
heat transfer coefficient. As shown in Fig. 6, as the vapor quality further
decreases, the condensation heat transfer coefficient in the 2 mm
diameter tube is slightly higher than that in the 1 mm diameter tube.
This is also due to the strong transient effect of bubble detachment and
condensation at the end of condensation, but at this condition, the lower
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Fig. 6. The effect of the tube diameter on the condensation heat transfer.



F.-L. He et al.

(©)

(b)

(d)

Applied Thermal Engineering 233 (2023) 121162

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0

1.0
0.9
0.8
0.7
0.6
0.5
04
0.3
0.2
0.1
0.0

a2 .

Fig. 7. Distribution of the cross-sectional area of the condensate film for different quality for diameter 1 mm and 2 mm. (a) x = 0.9; (b) x = 0.7; (¢c) x = 0.5; (d) x

=0.3.

vapor quality induces the deteriorating condensation heat transfer
process.

To analyze the effect of the tube diameter on the vapor-liquid dis-
tribution in the condensation flow, Fig. 7 shows the cross-sectional
distribution of the liquid film under different tube diameters varying
with the vapor quality. For the same tube diameter, the liquid film
thickness at the bottom the tube cross section is obviously thicker than
the top under the gravity effect. As the quality gradually decreases, the
thickness of the bottom liquid film further increases, forming the bottom
thick liquid film or “liquid pool”. This trend is more obvious for the
larger tube diameter. For the same quality, the proportion of the liquid
film at the bottom of the larger diameter tube is significantly higher than
that of the smaller diameter tube. Further analysis reveals that under
equal mass flux conditions, the Bo (Bond number) and maximum su-
perficial gas Fr (Froude number) of the 1 mm diameter tube are 5.62 and
0.73, respectively, while those of the 2 mm diameter tube are 22.49 and
0.51, respectively. According to the gravity independence criterion
proposed by Zhao et al. [36], expressed as follow:

Bo = (p,— p,)gD*/6<Bo, ~ 1.5 -6
{F l a4
r =

U/ /(01— p,)8D/p, >Froy = 0.54 2.2

where Uy is superficial gas velocity. The critical range of the Bo number
is 1.56-6, and the critical range of the superficial gas Fr number is
0.54-2.2.

In the current simulation, the 1 mm diameter tube is located at the
upper boundary of the gravity-independent transition zone and is closer
to the gravity-dominated region, while the Bo number of the 2 mm
diameter tube is in the gravity-dominated region and the Fr number is at
the lower boundary of the critical range, close to the gravity-dominated
region. Therefore, the influence of gravity on the liquid film distribution
is more pronounced in the 2 mm diameter tube.

10

4.3. The effects of gravity on flow condensation

As noted in the previous section, the flow and heat transfer perfor-
mance of two-phase flow mainly depend on the coupled effects of
inertia, surface tension, and gravity within the system. Compared with
other working fluids, such as R134a and FC-72, as shown in Table 2,
neon shows a significantly lower surface tension. For the low surface
tension of the neon working fluid, even under the condition of a 1 mm
tube diameter, the effect of gravity on the condensation flow is still
significant. This section mainly focuses on the influence of gravity level
on the condensation flow and heat transfer characteristics of neon,
including zero gravity, Lunar gravity (0.17 g.), Martian gravity (0.38
ge), and Earth gravity (1 ge). In the simulation, the direction of gravity is
perpendicular to the flow direction of the working fluid in the horizontal
tube.

4.3.1. The effects of gravity on the condensation flow pattern

According to previous research results, the effect of gravity on
condensation flow and heat transfer performance mainly occurs under
conditions of lower mass flux and lower vapor quality. Fig. 8 compares
the influence of gravity level on the condensation flow pattern under a
mass flux of 20 kg/(m?%s). As analyzed earlier, under normal gravity
level, the condensation flow pattern mainly includes annular flow, wavy
stratified flow, and slug flow. As the gravity level decreases, the annular
flow region gradually expands and changes from eccentric annular flow
to concentric annular flow, and more small ripples can be observed on
the surface of the annular flow. This phenomenon is consistent with the
observation results of microgravity condensation flow patterns con-
ducted by Berto et al. [14] in a parabolic flight microgravity experiment,
which showed that under normal gravity conditions, the annular flow
corresponds to a smooth surface, while under microgravity conditions,
more small ripples appear on the surface of the annular flow. One
possible reason for this phenomenon is that the decrease in gravity level
weakens the interface stability that is originally maintained by surface
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Fig. 8. The condensation flow pattern for different gravity levels (G = 20 kg/(m?s)).

tension and gravity, leading to an increase in shear instability at the
vapor-liquid interface. In addition, due to the weakening of the driving
effect of gravity on the circumferential liquid film, the thickness of the
liquid film at the bottom of the circular tube is significantly reduced, and
the surface wave of the liquid film formed under gravity is more sig-
nificant. A more important observation is the change from fine ripples
under normal gravity level to larger wave packets, although there are
also clear areas of thin liquid film between the wave packets, and the
thickness of the thin liquid film decreases as the gravity level decreases.

Gravity level also have an effect on the formation and movement of
condensation vapor plugs and tail bubbles. Under normal gravity level,
the condensation vapor plug shows a thicker liquid film at the bottom,
while as the gravity level decreases, the liquid film at the bottom
gradually thins, and the condensation vapor plug under zero gravity
level is close to the tube wall. Furthermore, the condensation tail bub-
bles are also sensitive to gravity level, and under normal gravity level,
they are located at the upper part of the tube wall and a thin liquid film
area resides at the top, but as the gravity level decreases, the position of
the condensation tail bubbles gradually shifts toward the center of the
tube, and the liquid film between the condensation tail bubbles and the
tube wall increases. It should be noted that liquid droplet entrainment
occurs in the tube under zero gravity level, which did not occur in the
normal gravity simulation under the same operating conditions. This
may occur due to the low surface tension of the neon working fluid,
which reduces the stability of the vapor-liquid interface under the same
mass flux condition. However, the occurrence of the droplet entrain-
ment phenomenon will reduce the thickness of the circumferential
liquid film to a certain extent.

4.3.2. The effects of gravity on the local liquid film distribution

To analyze the effect of gravity on the distribution of the liquid film
in condensation flow, Fig. 9 shows the cross-sectional liquid film dis-
tribution under different mass flux and quality. To avoid the influence of
transient effects on the analysis results, time-averaged interface position
data corresponding to a period of time after the condensation flow is
stabilized are used for analysis. Under the same mass flux conditions, for
interfaces with higher quality, the circumferential liquid film distribu-
tion is more uniform, with only a relatively thin bottom liquid film under
normal gravity level. As the gravity level decreases, the circumferential
liquid film distribution becomes even more uniform. As the cross-
sectional quality decreases, the influence of gravity on the distribution
of the cross-sectional liquid film becomes more significant. Specifically,
under the action of gravity, the bottom liquid film is thickened as the
quality decreases, and the difference in liquid film thickness under
different gravity levels becomes more pronounced, as shown in Fig. 9(c)
and 9(d). The influence of mass flux on the distribution of the cross-
sectional liquid film is mainly reflected in the change in the distribu-
tion shape. When the vapor quality is high, increasing the mass flux does
not significantly change the time-averaged liquid film distribution along
the cross-section, as shown in Fig. 9(a) and 9(d). However, for cross-
sections with lower quality, increasing the mass flux will simulta-
neously increase the circumferential liquid film fluctuation amplitude
and the circumferential area of the interface, as shown in Fig. 9(e) and 9
(f). Overall, gravity has a pronounced effect on the distribution of the
cross-sectional liquid film, especially for cross-sections with lower vapor
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quality, which is manifested in the significant thickening of the bottom
liquid film with increasing gravity level. This occurs because the
mechanism of gravity-driven condensation liquid film movement to-
ward the bottom is accompanied by the presence of gravity and is not
obscured by other factors, and the driving effect of gravity on the liquid
film only changes when the gravity level or direction changes.

4.3.3. The effects of gravity on the condensation heat transfer coefficient

Fig. 10 shows the effect of gravity level on the local heat transfer
coefficient during condensation for different vapor qualities at a mass
flux of 40 kg/(m?s). Similarly, the analyzed local heat transfer coeffi-
cient represents the time-averaged value on a fixed cross-section. The
image shows that the gravity level has an apparent impact on the local
heat transfer coefficient. Under zero gravity level, there is no significant
difference in the circumferential distribution of the local heat transfer
coefficient. However, as the vapor quality of the cross-section decreases,
the local heat transfer coefficient shows a decreasing trend. This is
because the condensate film is circumferentially distributed uniformly
and the film thickens as the vapor quality decreases under zero gravity
level. As the gravity level increases, the circumferential asymmetry of
the local heat transfer coefficient becomes evident, with stronger
asymmetry as the gravity level increases, as shown in Fig. 10(b).

To analyze the impact of gravity variations on the condensation heat
transfer, the heat transfer coefficient corresponding to normal gravity
level can serve as a baseline. When the condensation heat transfer co-
efficient under certain gravity level is higher than that under normal
gravity, it is referred to as gravity enhancement condensation heat
transfer. Conversely, if the coefficient is lower, it is termed gravity
deterioration condensation heat transfer. When the two coefficients are
equal, it indicates gravity independence condensation heat transfer.
Building upon this understanding, further investigation can be con-
ducted to explore the mechanisms underlying the effects of gravity
variations on the intensity of condensation heat transfer.

As shown in Fig. 10, the circumferential asymmetry of the local heat
transfer coefficient induced by the increase in gravity level is mainly
induced by the decrease of the condensation heat transfer coefficient in
the bottom liquid film region and the resulting enhancement of the heat
transfer in the top liquid film region. In the bottom liquid film region, an
increase in gravity level leads to a significant decrease of the conden-
sation heat transfer coefficient. Conversely, an increase in gravity level
also significantly enhances the condensation heat transfer in the top
liquid film region. This implies a certain competitive relationship be-
tween the decrease of the condensation heat transfer in the bottom
liquid film region and the enhancement of the heat transfer in the top
liquid film region induced by the change in gravity level. When the
deterioration of the condensation in the bottom liquid film region
dominates, the cross-section exhibits deteriorated condensation heat
transfer with an increase in gravity level. Otherwise, when the
enhancement of the heat transfer in the top liquid film region dominates,
the cross-section exhibits enhanced condensation heat transfer with an
increase in gravity level.

The variation in the flow condensation heat transfer coefficient with
respect to vapor quality under different mass flux and gravity levels is
presented in Fig. 11. Overall, the condensation heat transfer coefficient
decreases with decreasing vapor quality. For a mass flux of 20 kg/(m?s),
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Fig. 9. The gravity effects on the cross-section condensate film distributions under different conditions. (a) G = 40 kg/(m?s), x = 0.9. (b) G = 40 kg/(m?>s), x = 0.7.
(©) G = 40 kg/(m?s), x = 0.3. (d) G = 80 kg/(m?s), x = 0.9. (¢) G = 80 kg/(m>s), x = 0.7. (f) G = 80 kg/(m>s), x = 0.3.
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the condensation heat transfer coefficient exhibits gravity independence
within the vapor quality larger than 0.98. This vapor quality range
corresponds to the vapor inlet section, where the vapor directly contacts
the wall and condenses to form a uniform thin liquid film along the
circumference. Within the range of 0.98-0.19, the zero gravity
condensation heat transfer coefficient is higher than that of normal
gravity, indicating an enhancement of condensation heat transfer under
zero gravity level in the current operating conditions, as shown in
Fig. 11(a). Within the vapor quality range below 0.19, the zero gravity
condensation heat transfer coefficient is lower than that of normal
gravity, indicating a deterioration of condensation heat transfer under
zero gravity level. The same trend can also be observed under a mass
flux condition of 40 kg/(mz-s). However, there are some changes in the
quality ranges corresponding to different gravity effects. The quality
ranges for gravity independence, gravity deterioration heat transfer, and
gravity-enhanced heat transfer are larger than 0.96, 0.96-0.16, and less
than 0.16, respectively, shown as Fig. 11(b). The increase in conden-
sation heat transfer under zero gravity level seem inconsistent with
previous experimental results [14]. However, the gravity effect on
condensation flow depends mainly on the mass flux and quality. Thus,
similar reports have been found in previous studies, such as Wen et al.
[22], who also found that the gravity level change can both enhance and
deteriorate condensation heat transfer in R1234ze(E) horizontal tube
flow condensation simulations. In fact, the heat transfer and fluid flow
characteristics during the condensation process are highly sensitive to
the distribution and transport behavior of the condensate, directly
affecting the local liquid film thickness and heat transfer intensity.

Therefore, the possible enhancement of condensation heat transfer
under zero gravity level may be based on the following facts. On the one
hand, gravity level significantly alters the vapor-liquid distribution on
the tube cross-section, affecting the local heat transfer coefficient. For
the same void fraction interface, under normal gravity, the gravitational
force drives the top liquid flow toward the bottom of the tube, resulting
in a thin top liquid film and an eccentric circular interface with a thick
bottom liquid film, which shows a trend of enhanced heat transfer.
Under zero gravity level, the interface is less constrained by gravity and
is more likely to form interface waves, increasing the interface heat
transfer area and showing a trend of enhanced heat transfer under zero
gravity environments. In fact, from the perspective of the liquid film
distribution on the cross-section, the impact of gravity level on the heat
transfer coefficient is the result of the competing effects of the two
aforementioned mechanisms.

On the other hand, gravity can alter the stability of the vapor-liquid
interface during the condensation process under the coupling effect of
flow and heat transfer inside the tube. Inertial force, gravity, and surface
tension are important forces in the condensation flow, and changes in
local stresses at the interface can significantly alter the interface shape.
For tube flow, the instability of the interface mainly stems from
Rayleigh-Taylor instability (caused by the density difference between
vapor and liquid) and Kelvin-Helmholtz instability (caused by the ve-
locity difference between vapor and liquid) [37]. The aforementioned
instability phenomena exist during the condensation process and can
increase the interface fluctuation and even cause droplet entrainment,
which can increase the cross-sectional area and reduce the thickness of
the liquid film near the wall, thus enhancing heat transfer. This has been
discussed in the previous section on the effect of gravity on the
condensation flow pattern. Under zero gravity level, the vapor-liquid
interface becomes more prone to instability, with significant fluctua-
tions and droplet entrainment at the cross section, thereby enhancing
the condensation heat transfer. Comparing the simulation flow patterns,
it can be observed that the interface stability is difficult to maintain
under zero gravity level, with significant droplet entrainment, whereas
under normal gravity level, the interface is more stable and smoother.

In addition, it is worth noting that as the mass flux increases, the
influence of gravity on the condensation heat transfer coefficient ap-
pears to gradually weaken. When the mass flux reaches a certain level,
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the effect of gravity on the condensation heat transfer coefficient is
insignificant, as shown in Fig. 11(c). It can be seen from Fig. 11(c) that in
the current simulation, when the mass flux reaches 80 kg/(mz-s), the
condensation heat transfer coefficients under different gravity levels are
very similar. This indicates that increasing the inlet gas phase velocity or
mass flux of the condensation flow may be an effective way to suppress
the effect of gravity on the condensation heat transfer coefficient.
Similar viewpoints have been mentioned in the studies of O’Neill et al.
[7] and Berto et al. [14]. However, it should be noted that the increase in
mass flux can only effectively suppress the effect of gravity in the higher
vapor quality range. For the lower quality region, the trend of deterio-
rating condensation heat transfer due to the decrease in gravity is not
completely suppressed. Therefore, in the design of the condenser,
attention should be given to the effect of gravity on condensation heat
transfer in low-quality regions under operating conditions. In summary,
the influence of gravity on the condensation flow is directly related to
the condensation flow state. Therefore, analyzing the influence of
gravity on condensation flow requires consideration of specific oper-
ating conditions.

5. Conclusions

A three-dimensional transient simulation model of neon flow
condensation was established and simulated based on the VOF model.
The mesh independence of the model was analyzed, and the model was
validated by comparing the flow pattern and heat transfer coefficients to
experimental results. Using the validated model, the effects of mass flux,
tube diameter, and gravity on the condensation flow and heat transfer
performance were simulated and analyzed. The main research findings
of this study are summarized as follows:

(1) Mass flux has a significant effect on the condensation heat
transfer coefficient. As the mass flux increases, the heat transfer
coefficient of the flow condensation also increases. For cryogenic
working fluids, small tube diameters enhance condensation heat
transfer, and the effect of gravity on the condensation flow
pattern remains significant even in small diameter tubes.

Due to the low surface tension of neon, the interface of liquid film
stability is weak during condensation flow, especially under zero
gravity level. With the decrease of the gravity level, the vapor-
-liquid interface is more prone to become unstable and form
interface waves or even result in droplet entrainment.

Gravity can both enhance and deteriorate heat transfer depend-
ing on the result of the competition between the inertial force,
surface tension, and gravity in the flow and heat transfer process.
For neon condensation under lower mass flux, decreasing the
gravity level enhances condensation heat transfer. However, in
the lower vapor quality region, decreasing gravity level leads to
deteriorated condensation heat transfer.

Increasing the mass velocity of the condensation flow can
partially suppress the effects of gravity on heat transfer. However,
this is only effective for condensation processes within a higher
quality range. For the low quality range, such as slug flow and
bubbly flow regions, the effect of gravity remains significant, and
decreasing the gravity level deteriorates condensation heat
transfer.
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