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ARTICLE INFO ABSTRACT

Keywords: The development of long-term space thermal management systems has informed research into the influence of
Microgravity gravity on boiling. This work explored the influence of gravity on the hydrodynamics and heat transfer of boiling
Upward flow

flow. Experiments were carried out using two test loops each consisting of a 6 mmID transparent cylindrical test
section. Upward (+ 1 ) and downward (— 1 g) flow boiling experiments were carried out in the laboratory
while microgravity (ug) experiments were carried out during a parabolic flight campaign. The results of flow
visualisation showed significant influence of gravity on the flow patterns and the influence of gravity was

Downward flow

Flow boiling

Flow patterns

Heat transfer coefficient

Modelling generally limited to mass flux, G < 400 kg/m?2s and/or vapor quality, x < 0.35. In all three gravity conditions,

the measured heat transfer coefficient was influenced by heat flux, mass flux and/or vapor quality. For liquid
Reynolds number, Re;, < 2000 (G < 150 kg /m?s) and boiling number Bo < 0.002 the measured heat transfer
coefficient was highest in —1g flow and lowest in ug flow but becomes comparable at Bo > 0.002. A correlation
for predicting microgravity heat transfer coefficient was proposed in this work and the proposed correlation
predicted 100 % of the ug data in the current work within +20%, predicted nearly 100 % of the ug data of Ohta
et al. (2013) within +£30% and around 85 % of the ug data of Narcy (2014) within -20 % to +50 %. A correlation
for predicting the gravity dependent regime as it relates to heat transfer coefficient in +1g and ug flows was also
proposed in this work. The proposed criterium correctly predicted over 85 % of the gravity-dependent heat
transfer coefficient in the current work and the works of Lebon et al. (2019), Narcy (2014), Ohta et al. (2013).

regime for low liquid velocity and/or high wall heat flux. Nucleate
boiling heat transfer (h,) increases with the heat flux due to bubble

1. Introduction

Flow boiling applications operating under various gravity conditions
are common in avionics, power plants and various space applications.
Gravity strongly influences flow patterns and heat transfer coefficient.
Flow boiling has been mainly studied in vertical upward flows (1-g) in
both subcooled and saturated boiling conditions. Review articles on flow
boiling heat transfer provide references and analyses of experimental
data, mechanistic models and empirical correlations in the nucleate and
convective boiling regimes (Cioncolini and Thome, 2011; Hong et al.,
2023; Kandlikar, 1990; Kim and Mudawar, 2013; Narcy and Colin,
2015). In flow boiling, both nucleate boiling (evaporation and quench-
ing) and convective boiling (two-phase forced convection) contribute to
total heat transfer. Therefore, correlations for flow boiling heat transfer
coefficient are often expressed as a weighted average of the contribu-
tions of each of these mechanisms. Nucleate boiling is prominent in the
bubbly and slug flow regimes and is also a feature in the annular flow
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nucleation. Convective boiling is prominent in annular flows especially
at high velocity and/or low heat flux. The convective heat transfer (h)
increases with vapour quality due to thinning of the annular liquid film
(Kim and Mudawar, 2013).

Experiments have also been performed in downward flow (-1g)
(Ayegba et al., 2022; Kharangate et al., 2016) and in microgravity
conditions (Baltis et al., 2012; Celata and Zummo, 2009; Hong et al.,
2023; Lebon et al., 2019; Luciani et al., 2009; Ma and Chung, 2001;
Mudawar and Lee, 2023; Narcy et al., 2014; Ohta, 1997). Results of
these studies include flow patterns and heat transfer measurements. The
results are often compared to +1g upward flow data. Flow orientation or
gravity level have been reported to influence both flow patterns and
flow pattern transition (Bhagwat and Ghajar, 2012; Celata and Zummo,
2009; Godbole et al., 2011), as well as heat transfer coefficient. It can be
concluded from available experimental data in microgravity (ug) and
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normal gravity (+1g, —1g) flows that, flow boiling heat transfer in-
creases with wall heat flux, especially in the nucleate boiling dominant
regime (Baba et al., 2012; Lebon et al., 2019; Mudawar and Lee, 2023;
Narcy et al., 2014). Below critical heat flux and in the convective boiling
dominant regime, saturated flow boiling heat transfer generally in-
creases with vapor quality and is independent of gravity level/flow
orientation relative to gravity at higher vapor quality (Ayegba et al.,
2022; Baba et al., 2012; Konishi and Mudawar, 2015). Despite the
numerous studies in microgravity, to our knowledge, no model has been
proposed to predict heat transfer coefficient.

In the subcooled and/or nucleate boiling regime(s), reports on the
effect of flow direction relative to gravity on flow boiling heat transfer
are limited. In the work of Baba et al. (2012), which was done using
FC-72 inside 0.51 mm tube, they reported higher subcooled heat transfer
coefficient in downward flows (— 1g) relative to upward flows (+ 1g)
h_1g > hyqg. Kharangate et al. (2016), in their channel (5.0 mm x

2.5 mm) flow measurements, using FC-72, reported equivalent sub-
cooled heat transfer coefficient in both upward and downward flows
h_yg = h;1g. With regards to the effect of gravity levels, available results
are rather conflicting. Iceri et al. (2020), Luciani et al. (2009, 2008) and
Lui et al. (1994) all reported higher subcooled heat transfer coefficient in
microgravity flow (ug) relative to upward flow ( + 1g) in their parabolic
flight and ground experiments (h,; > h,1¢). Similar result was reported
by Baltis et al. (2012) for G > 150kg/m?s (D = 6 mm, h,g > hi1g).
However, they reported lower subcooled heat transfer coefficient in ug
relative to +1g for G < 100kg/m?s. On the other hand, Ohta (1997) and
Saito et al. (1994) both reported equivalent subcooled heat transfer in ug
and +1g (h,g = hy1g). Other investigations reported higher heat transfer
coefficient in +1g relative to ug (Celata, 2007; Konishi et al., 2015;
Lebon et al., 2019; Trejo-Peimbert, 2018).

In the saturated and/or convective boiling regime(s), the limited
studies report little or no influence of gravity on the heat transfer co-
efficient. While Baba et al. (2012) reported slightly higher saturated heat
transfer in downward flow relative to upward flow, Kharangate et al.
(2016) reported equivalent saturated heat transfer coefficient in both
flow directions (h_ig ~ h;1,) particularly for G > 800kg/ m2%s. With
respect to the influence of gravity levels on heat transfer in the
convective boiling dominant regime, Celata (2007) and Luciani et al.
(2009, 2008) reported similar saturated heat transfer in yg and +1g
(h,g = hi1g). However, Ohta (1997) reported lower saturated heat
transfer coefficient in microgravity relative to normal gravity.

Several studies have attempted to provide criteria for gravity-
dependence of the heat transfer coefficient based on the mixture
Froude number Fry,;, heat flux and mass flux (Lebon et al., 2019) or a
combination of mass flux, heat flux and vapor quality (Ohta et al., 2013).
The proposed gravity dependence map of Lebon et al. (2019) was
derived from low-mass-flux data, where nucleate boiling (NB) was the
dominant mechanism of heat transfer. They provided upper limits of
wall heat flux (q”) for various mass fluxes at which the measured heat
transfer coefficient becomes independent of gravity. The
gravity-dependence criterium of Baba et al. (2012) applies to flow
boiling where convective heat transfer is dominant. According to Baba
etal. (2012), flow boiling heat transfer coefficient becomes independent
of gravity if the mixture Froude number Fr,, > 4 (Eq. (1). The criteria
proposed by Ohta et al. (2013) captures all the relevant macro quantities
reported to determine gravity-dependence, but like Lebon et al. (2019),
it was provided in the form of a dimensional gravity-dependence regime
map. Their gravity-dependence map highlighted limits of heat flux, mass
flux and vapor quality where gravity influence was observed.

/ NS> )

inertia

Fr, =
bouyancy

where p,, = m, p1, py, g and D are the liquid density, vapor

density, acceleration due to gravity and hydraulic diameter respectively.

International Journal of Multiphase Flow 181 (2024) 104991

In the current work, new experimental data obtained in microgravity
are presented, focusing on the flow patterns and heat transfer coefficient
under various conditions of mass flux, wall heat flux and vapor quality.
These results are compared to previous results obtained +1g and —1g
flows (Ayegba et al., 2022). The experimental data will be used to
describe the gravity dependent regimes as well as the nucleate and
convective dominant regimes. Also, correlations for predicting micro-
gravity heat transfer coefficient in both subcooled and saturated boiling
regimes will be provided in this work. The proposed correlation will be
validated using experimental data from the current work as well as
selected data from literature (Ayegba et al., 2022; Narcy, 2014; Ohta
et al., 2013).

2. Experimental Setup and measurement techniques

The experimental aspect of this work involves flow visualization
along with the measurement of heat transfer coefficient in a vertical tube
of 6 mmID and 8 mmOD in ug, +1g and —1g using HFE-7000 as working
fluid (Table 1). Two flow loops were used namely BRASIL (Ayegba et al.,
2022; Narcy et al., 2014) and COSMO (Chorin et al., 2023) in the present
study (Fig. 1). The BRASIL loop was used in the lab to study upward and
downward flow boiling in a vertical tube. A second loop COSMO, more
compact, was built in 2021, specifically for microgravity experiments in
parabolic flights. Due to the smaller size of the loop a specific design has
been performed to assess the axisymmetric of the flow in the test section
both in single phase flow with PIV measurements and in bubbly flow
with 3D visualizations of the bubble distribution in the tube cross section
(Chorin et al., 2023). Some sets of experiments were performed in 1g
upward flow with BRASIL and COSMO to show the consistency of the
measurement techniques. In both loops, preheated single-phase liquid or
two-phase vapor-liquid flow enters the transparent Sapphire tube test
section at pressures which can be varied from 1 to 2 bar
(34°C < Tsar < 54°C). Further heating of the fluid was done by resistive
heating using an indium-tin-oxide (ITO) coating on the outer wall of the
Sapphire tube, to which a voltage source is connected. The thickness of
the ITO coating was 100 nm, and the coated length was 180 mm. In
general, an outlet vapor quality of up to 0.9 can be attained in both
BRASIL and COSMO setups depending on the mass flux. Fluid exiting the
test section is condensed and cooled to the desired temperature at the
inlet of the pump using Peltier module(s) in the condenser. Peltier
module power regulation was automated and driven by a PID which sets
the liquid temperature at the pump inlet. The pump inlet temperatures
were set to < Ty, — 10°C to avoid cavitation. In this study, mass fluxes of
50,75,100,200 and 400 kg.m~2s~! were studied using BRASIL (+1g and
— 1g) and mass fluxes of 50,75,100 and 150 kg.m 2s~! were investi-
gated using the COSMO setup (+1g and ug). The heat fluxes ranged
between 0.5 W/cm? and 3 W/cm? depending on the flow rate (Table 2).

The microgravity experiments were carried out onboard the Airbus
A310 ZERO-G aircraft managed by Novespace in collaboration with the
French Space Agency (CNES) and the European Space Agency (ESA). A
series of 93 parabolas (31 each day) were done over a 3-day flight
campaign. Each parabolic maneuver included a hyper gravity phase of
20 s at (+ 1.8g), followed by the microgravity period (ug) of about 22 s

Table 1
Properties of HFE-7000 at 25°C and atmospheric pressure.

Property Value

Molecular weight 200 g/mol
Saturation temperature 34°C

Liquid density 1400 kg/m®
Vapour density 8 kg/m®
Thermal conductivity 0.075 W/m/K
Kinematic Viscosity 3.2 x 1077m?/s
Specific Heat 1300J/kg/K
Surface Tension 0.0124 N/m
Latent Heat of Vaporization 127 kJ/kg
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Fig. 1. Sketch of the BRASIL experimental flow loop (left) and COSMO experimental flow loop (right).

Table 2
Test conditions: 1.2 < P < 1.5 bar, 15 < ATy <5, 0 < xj, < 0.3,

Upward flow Microgravity flow Downward flow
G ~ 50 kg /m%s 0.5 < gy < 2.0 W/cm? 0.5 < qy < 1.5 W/cm? 0.5 < gy < 1.5 W/cm?
G~ 75 kg /m%s 1.0 < gy < 3.0 W/cm? 0.5 < gy < 2.0 W/cm? 0.5 < qy < 2.0 W/cm?
G ~ 100 kg 1.0 < gy < 3.0 W/cm? 0.5 < gy < 2.0 W/cm? 0.75 < gw < 2.0 W/cm?
/m%s
G~ 150 kg - 0.5 < gy < 2.0 W/cm? -
/m%s
G ~ 200 kg 1.0 < gy < 3.0 W/cm? - 1.0 < gy < 3.0 W/cm?
/m%s
G ~ 400 kg 1.5 < gy < 3.0 W/cm? - 1.5 < gy < 3.0 W/cm?
/m%s

and a second hyper gravity phase of 20 s at (+ 1.8g). 2 consecutive

parabolas are separated by a horizontal steady flight (+1g) for 2 mi- 18
nutes. Although data acquisition was done for nearly the entire 22 s of ug i 100
condition, only mean value for the last 10 s was used in data post- s |F--"""
processing. This was because the relevant flow parameters such as the &~ 14
wall temperature, pressure and flow rate typically stabilize only after the < 80 =
first 10 s of the ug flight maneuver (Fig. 2). § 12 ; -
Diagnostics used include Coriolis flow meter, thermocouples, pres- 8 ..H;"pf.rgm_‘ .

sure transducers, and high-speed cameras (PCO Dimax, 2000 x2000 P 1.0 60 =
pixels and PCO1200HS, 1280x1024 pixels). Details of the diagnostics, B 4
measurement technics, data reduction and uncertainties are available {3 08 | o ?
elsewhere (Ayegba et al., 2023, 2022; Chorin et al., 2023; Narcy et al., ;f Microgravity 4 -“_cr
2014). The quality (x) used in all plots is the flow quality (different from 3 06 | i C]
the thermodynamic quality in subcooled boiling) and details of how this E, 7
was obtained is provided elsewhere (Ayegba et al., 2022; Narcy et al., ‘E 0.4 } —Gravity level " =
2014). G —Pressure é

0.2 | —Mass flux >
3. Experimental results - Wall temperature "

T 20 80

3.1. Flow patterns

Flow visualizations were carried out at various two-phase flow
conditions ranging from subcooled to saturated boiling regimes for ug
flow ((Fig. 3) and these were compared to flow visualizations of +1g and
—1g flows. Over the entire range of mass fluxes in ug and +1g flows,
bubbly, intermittent (slug, churn and other transitions flows) and
annular flow regimes were observed. Similar flow patterns were also
observed for —1g flow at G/p; > 0.15 m/s (G > 200kg /m?s). Below this

. 40
Time, ¢ [s]

Fig. 2. Time evolution of mass flux, pressure and wall temperature under
various gravity conditions in parabolic flight.
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Fig. 3. Flow visualization in upward, microgravity and downward flows at G/p; = 0.075 m/s (G = 100kg /m?s). The arrows indicate the direction of flow.

liquid velocity, bubbly and intermittent flow regimes were replaced by
falling-film flow regime in —1g flow.

3.1.1. Bubbly flow

In general, mean bubble size in the bulk fluid decreased from —1g
flow through ug to +1g in line with the bubble drift velocities associated
with these gravity conditions (Fig. 3). Bubbles are mostly spherical in ug
in absence of relative velocity, whereas they are ellipsoidal in +1gand —
1g.

In ug and +1g flows, bubbly flow was observed at subcooled inlet
conditions and low heat flux (¢” < 1.5W/cm?) (Fig. 3a-b). The mean
bubble sizes of both nucleated and entrained bubbles were significantly
larger in ug relative to +1g flow. The absence of buoyancy forces in the
former results in longer residence of the bubbles both at the wall and in
the bulk flow along with higher bubble coalescence in the bulk flow.

For —1g flow, co-current bubbly flow was limited to G /p; > 0.15 m
/s (G > 200kg /m?s). At G/p; = 0.075m/s (G = 100kg /m?s), high
subcooling (Tgp > 10°C) and low heat flux (¢” < 1.0W/cm?), small
detached bubbles moved upward while large coalesced bubbles, with
bubble diameter ~ tube diameter, moved downward ((Fig. 3c). This
results in oscillating bubbly/intermittent flow. At G /p; < 0.075 m /s (all
heat fluxes) or G/p; =0.075 m/s (¢” > 1.0W/cm?), the bubbly and
intermittent flow regimes are replaced by a high-void-fraction falling-
film regime. It should be remarked that the mean size of nucleated
bubbles in —1g was either similar or smaller than that in ug flow. While

negative gravity may promote bubble attachment to the heated wall, the
liquid velocity in —1g is relatively higher than in ug and +1g flows,
thereby reducing the thickness of the thermal boundary layer.
Conversely, the mean bubble size in the bulk fluid was significantly
larger in —1g flow relative to both ug and +1g flows. This is due to the
significantly higher residence time of bubble in the bulk fluid in the
former.

Overall, the effect of gravity on bubble geometry becomes negligible
at high mass fluxes (Ayegba et al., 2022; Narcy et al., 2014). Narcy et al.
(2014) showed the difference in bubble geometry between pg and +1g
flows become negligible at G/p; > 0.4 m/s (G > 540kg /m?s) while
Ayegba et al. (2022) showed that the difference in bubble geometry
between +1g and -—1g flows become negligible at
G/p; > 0.3 m/s (G > 400kg /m?s).

3.1.2. Intermittent flow

At subcooled inlet conditions, increase in wall heat flux results in a
transition from bubbly to churn flow in yg and +1g flows as well as in —
1¢g flow for G/p; > 0.15 m/s (Fig. 3). For —1g flow at G/p; < 0.075 m/s,
the flow pattern is either falling-film or changes from bubbly to falling-
film with increase in wall heat flux.

At low heat flux (¢” < 1.0W/cm?), decrease in inlet subcooling
resulted in transition from bubbly to Taylor bubbles (slug flow) in yg and
+1g flows as well as in —1g at G/p; > 0.15 m/s. Slug flow was pre-
dominant at very low inlet quality (0 < xi < 0.14). The roughness of the
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interface of the Taylor bubbles increased from —1g flow through yg to +
1g in line with the respective drift velocities.

The falling-film regime in —1g flow was characterized by low ve-
locity vapor core and a thin liquid film flowing along the wall. The
interface between the liquid film and vapor core is covered by ripples
and free from roll waves.

3.1.3. Annular flow

In all three gravity conditions, increase in inlet vapor quality resulted
in transition from intermittent to annular flow regime (Fig. 3). The
annular flow regime was characterized by interfacial roll waves along
with capillary waves. The vapor quality and/or void fraction at with
such transition occurs, differs in function of the gravity levels.

3.1.4. Flow pattern map

Flow pattern maps along with comparisons with various transitions
criteria for +1g and —1g flows were presented in Ayegba et al. (2022)
and displayed in Fig. 4c and Fig. 4d respectively in terms of liquid and
vapor superficial velocities. Experimental results in yg and +1g flows
were presented in (Narcy et al. (2014). In the current work, the flow
pattern map obtained in ug and +1g are plotted in Fig. 4a and Fig. 4b.
Transition from bubbly to slug/churn flow is due to bubble coalescence
and both regimes represent a continuum of the same physical process
(Colin et al., 1991). For ug flows in the heated section, Narcy et al.
(2014) reported a critical void fraction (a.) for bubbly-slug transition of
= 0.70 while (Celata and Zummo, 2009), reported a. of 0.74. In the
current work the mean void fractions at transition from bubbly to slug
flow were a. =~ 0.65, a. ~ 0.68 and a. ~ 0.75 for + 1g, ug and —1g
flows, respectively.

Based on experimental data of vertical gas-liquid adiabatic flow in a
40 mmliD tube, Colin et al. (1991), proposed a bubbly-slug transition
criterium from the drift model with distribution coefficient Co of 1.2 and

International Journal of Multiphase Flow 181 (2024) 104991

a. of 0.45. In the current work Cy of 1.15 provided better prediction of
both the bubbly-slug transition boundary and the bubble velocity. In
microgravity, the drift flux model is given by Eq. (2) and the corre-
sponding vapor quality, x, is given by Eq. (3).

j 1- CoClc

R .
u, = o Coj or ji Coat, v 2)
1
x _ 3)
T+ e

where u, is the vapor velocity, Cy is the distribution coefficient, j,, and j
are the vapor and liquid superficial velocity, j is the mixture velocity, p,
and p; are the vapor and liquid densities, a. and x, are the void fraction
and vapor quality at transition.

Using Cyp = 1.15 and a. = 0.68 (obtained from flow visualization in
the current work), x. was determined from Eq. (3) and the resulting
transition boundary is shown by dotted lines in Fig. 4a. The line provides
a good prediction of the observed transition from bubbly to slug flow for
microgravity flow. Similar approach was followed for +1g and —1g
flows but using relevant drift flux models (see; Fig. 4b-d and Ayegba
et al. (2022). The main difference in the bubbly (Bb)-intermittent
(S1/Ch) transition between ug and +1g flows is . which is higher in the
former. In the case of —1g flow, bubbly flow was only observed for
G/p; > 0.15 m/s(G > 200kg /m?s) and the transition from bubbly to
intermittent flow occurred at higher a, relative to both ug and +1g flows.
Furthermore in —1g flow, an oscillating slug flow regime was observed
for G = 100kg/m?s at high subcooling and low wall heat flux (Fig. 3 and
Fig. 4).

By equating the void fraction computed from the slug flow model and
that computed from the annular flow model, Dukler et al. (1988) pro-
posed a critical void fraction (a.) at transition from slug to annular flow
in microgravity of 0.8. For pug-flow, x, was determined from Eq. (3), Gy =
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1.2 (Dukler et al., 1988) and the predicted transition boundary is shown
by dotted curve in Fig. 4a. The curve provides a good prediction of the
observed transition from intermittent to annular flow in microgravity.
The effect of gravity on a, at intermittent-annular flow transition was
generally insignificant and the mean value of a, was around 0.81 in all 3
gravity conditions. This value was used along with suitable
intermittent-annular flow transition criteria such as those of Mishima
and Ishii (1984) (+ 1g) and (Usui, 1989) (— 1g) for the prediction of
intermittent-annular flow transition in +1g and —1g flows (see Fig. 4b-d
and Ayegba et al. (2022).

3.2. Heat transfer coefficient

3.2.1. Influence of mass flux and vapor quality on heat transfer coefficient

Fig. 5 shows measured heat transfer coefficient in microgravity flow
along with those in upward and downward flows. In general, the
measured heat transfer increased with mass flux in all 3 gravity condi-
tions. At subcooled inlet conditions corresponding to nucleate boiling
(NB) and bubbly flow, the heat transfer coefficient increased with vapor
quality for all three gravity conditions and for the entire range of mass
fluxes tested (Fig. 5). This vapor quality dependence sometimes
stretched to the intermittent flow regime at low inlet vapor quality (xi,
<0.1). At saturated inlet conditions and for
G/p; < 0.3 m/s(G < 400kg /m?s) bubble nucleation was observed in the
annular film (NBA) (or falling film in downward flow NBFF) and the
heat transfer coefficient was not particularly sensitive to changes in the
vapor quality. It should be remarked that the falling film regime also
occurred at subcooled inlet conditions with significant nucleation in the
liquid film and little or no vapor quality dependence of the heat transfer
coefficient. For G/p; > 0.3 m/s, x > 0.35 and q’,, < 3 W/cm?, no bubble
nucleation was observed in the annular film and the measured heat
transfer coefficient increased with vapor quality. This is due to decrease
in film thickness with increase in vapor quality (Fig. 5b-c). It corre-
sponds to the convective boiling regime (CB).

3.2.2. Influence of heat flux on heat transfer coefficient

Fig. 6 and Fig. 7 show the influence of heat flux on the measured heat
transfer coefficient in microgravity flow along with those of upward and
downward flows. In general, the measured heat transfer increased with
heat flux in all 3 gravity conditions.

Microgravity heat transfer measurements were done using the
COSMO experimental facility. For 50 < G < 150 kg/m?s, 0 <x < 0.6
and 0.5 < g < 2.0 W/cm? nucleate boiling (NB) and nucleate boiling in
the annular film (NBA) were the dominant mechanism of heat transfer
and the measured heat transfer coefficient increased with heat flux
(Fig. 6). Over the range of experimental conditions, the influence of heat
flux decreased with mass flux and was quite independent of the vapor
quality for saturated inlet conditions corresponding to annular flow.
Selected results of measured heat transfer coefficient in +1g obtained
using both COSMO and BRASIL are also shown for reference (Fig. 7a)
along with measured heat transfer in —1g obtained using BRASIL
(Fig. 7b). Similar heat flux dependence, as with g, were recorded in +1g
and — 1g. Heat transfer measurements in +1g obtained using both
experimental facilities were also in agreement which shows the repro-
ducibility of the experiments (Fig. 7a). Additional heat transfer data in +
1g and —1g was reported elsewhere (Ayegba et al., 2022).

4. Discussion and modelling

4.1. Influence of gravity on heat transfer coefficient

4.1.1. Microgravity (ug) and upward (+ 1g) flow boiling heat transfer
coefficient

Fig. 8 provides a comparison between heat transfer coefficient in ug
and + 1g. In the range of mass and heat fluxes tested, there was very
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limited influence of gravity for x < 0.05. This agrees with the gravity-
dependence map of Ohta et al. (2013) which was reproduced in
dimensionless form to provide a scalable reference (Table 3). For G =
50 & 75 kg/m?s gravity dependence was limited to
q <15 & 2W/cm? (Bo< 0.002) and 0.05 < x < 0.4 (Fig. 8a-b). This
again was in general agreement with Table 3, although Table 3 would
suggest a limiting value of boiling number of Bo < 0.0015. For G =
100 kg/m?s gravity dependence was still observed for ¢ = 2W/cm? &
0.05 < x < 0.25 (Fig. 8c). However, there was no gravity dependence
for g = 2W/cm? & x > 0.25. The microgravity data in the current work
was limited to low mass fluxes (G < 150 kg/m?s, Re, = GD/y; =~ 2000),
and the gravity dependence was mainly determined by the limiting
value of boiling number of Bo < 0.002. The range of mass flux tested in
the current work largely falls into the laminar flow regime
(Rey, < 2000). Under similar conditions of liquid Reynolds number,
Lebon et al. (2019) also reported gravity dependence in terms of heat
fluxes. The following inference were drawn from the current low mass
flux (Re, < 2000) data.

1. For low Boiling number Bo < 0.002 (i.e., G = 50 kg/m%s & q <
1.5W/cm?, G = 75 kg/m?s & q < 2.0W/cm?, G =
100 kg/m?s & q < 2.0W/cm?) and 0.05 < x < 0.4, there is low
density of nucleated bubbles and limited interaction among nucle-
ated bubbles. The frequency of bubble detachment from the heated
wall was significantly influenced by gravity (buoyancy) and was
higher in normal gravity relative to microgravity. Consequently, the
measured heat transfer coefficient was higher in +1g relative to ug.

2. For high Boiling number, Bo > 0.002 (i.e., G = 50 kg/m?s & q >
1.5W/cm?, G = 75 kg/m?s & q > 2.0W/cm?) and 0.05 < x < 0.4,
there is high density of nucleated bubbles and significant interaction
among them. The frequency of bubble detachment from the heated
wall was more influenced by bubble interaction and less influenced
by gravity (buoyancy). Consequently, both the bubble detachment
frequency and the measured heat transfer coefficients were similar in
+1g and pg.

High mass flux (Rej, > 2000) microgravity data was reported in the
Thesis of Narcy (2014). At high mass fluxes (G > 200 kg/m?s,
Rey, > 2700) and high vapor qualities (x > 0.3), the ratio of inertia to
buoyancy forces (Frm, Eq. (1) determines the gravity dependence of flow
boiling heat transfer coefficient. According to Baba et al. (2012), flow
boiling heat transfer coefficient becomes independent of gravity at
mixture Froude number Fr,;, > 4. It can be deduced from the Thesis of
Narcy (2014) that in the convective dominant regime (corresponding to
high Fr;,), the influence of the Boiling number Bo on gravity dependence
diminishes. As seen in the current work and in the works of Lebon et al.
(2019) and Ohta et al. (2013), the opposite is true for low mass fluxes (i.
e., Rej, < 2000) where the influence of the Boiling number Bo on gravity
dependence is enhanced in Lebon et al. (2019) and Ohta et al. (2013).

Due to limitations of the existing gravity-dependence map, a gravity-
dependence criterium was proposed in the current work. The proposed
criterium combines the Bo threshold observed for Re;, < 2000 with the
Fry, threshold of 4 proposed by Baba et al. (2012) which seems to be
appropriate for Re;,>>2000. In the proposed boundary (Eq. (4), the Bo
threshold of 0.002 and the Fry, threshold of 4 was combined in such a
manner that the effect of the former is prominent at low mass fluxes (i.e.,
Rej, < 2000) and low vapor qualities while the influence of the latter in
prominent at high mass fluxes (i.e., Re;,>2000) and high vapor
qualities.

0.002

Bothreshold =0.002 — m

4

The proposed criterium was applied to the current data, the data of
Narcy (2014), Lebon et al. (2019) and Ohta et al. (2013). The proposed
criterium accurately predicted the gravity-dependent regime of the
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current work (Fig. 9a) and also correctly predicted the
gravity-dependent regime for the data in the Thesis of Narcy (2014) in
the range of G > 75 kg/m?2s (Fig. 9b). The proposed boundary failed to
predict gravity-dependence for G < 75 kg/m?s in the data of Narcy
(2014). This could be associated to the high-thermal inertia of preheater
used in the work of Narcy (2014). At low mass (G > 75 kg/m?s) the
influence of the thermal inertia of the preheater becomes very important
as the flow takes longer time to reach the desired test section inlet
conditions. This could introduce some uncertainties in the vapor quality
estimation at the inlet of the test section. In the current work, a very low
thermal inertia preheater was used on the COSMO loop and heat loss
estimation was also carried out. The proposed criterium also correctly
predicted over 80 % and 92 % of the gravity-dependent/independent
heat transfer data of Lebon et al. (2019) and Ohta et al. (2013) respec-
tively (Fig. 9¢). In the case of Ohta et al. (2013), the proposed criterium
only failed to predict a few heat transfer data for G = 150 kg /m?s
(Fig. 9¢). In the case of Lebon et al. (2019) the proposed criterium failed
to predict a few heat transfer data for G =40, 80 and 120 kg/m?2s
(Fig. 9¢).

4.1.2. Microgravity (ug) and downward (— 1g) flow boiling heat transfer
coefficient

Fig. 10 provides a comparison between heat transfer coefficient in yg
and —1g  for 50 < G < 100 kg/m?s, 0<x<06 and
0.5<q <20 W/cm?. For low Boiling number (Bo < 0.0024: blue
points in Fig. 10a, b & c and purple in Fig. 10b & c), the measured heat
transfer coefficient was higher in —1g relative to ug. For high Boiling
number (Bo > 0.0024: purple in 8a), the measured heat transfer co-
efficients were similar in —1g and pg or slightly higher in the latter. It
should be remarked that for G < 75 kg/m?s (G /p; < 0.056ms™!) in —
1g the flow pattern was mostly falling film regime and achieving flow
stability was very difficult. Results of Fig. 10 also suggest that, the rate of
increase in heat transfer coefficient with increase in the applied wall
heat flux was slightly higher in ug relative to —1g or of the same order of
magnitude in both yg and — 1g.

4.1.3. Upward (+ 1g) and downward ( — 1g) flow boiling heat transfer
coefficient
Comparison of measured heat transfer in +1g and —1g for
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Table 3

Gravity-dependence map for heat transfer coefficient of Ohta et al. (2013) reproduced in dimensional and dimensionless form.

Moderate x

G =300kg/m?s

50<G
< 200kg/m?s

G <50kg/m?s

q" = 4W/cm? | Possible gravity
(Bo = 0.0015) | effect
q" <4W/cm? | Possible gravity
(Bo < 0.0015) | effect
Possible gravity
effect




P.O. Ayegba et al.

International Journal of Multiphase Flow 181 (2024) 104991

0.003 0.006
(@) Current (b) - Narcy (2014)
Closed symbols: gra _Vi v dependent ‘ Closed symbols: gravity dependent
Open symbols: gravity independent 0005 Open symbols: gravity independent
0 G =50 kg/s/m? : ® © G =50 kg/s/m?
&Fo® © G =50 ke/s/m? © G=75 kg/sim
G = 7S ks Py B G- 100 kg
0.002 ISt 0.004 3 = 100 kg/s/m
. . & G =75kg/s/m L A G =200 kg/s/m*
S 0 G = 100 kg/s/m* S A G =200 kg/s/m?
f B G = 100 kg/s/m? °° v G = 400 kg/s/m®
3 o A G =150 kg/s/m? 50.003 v G = 400 kg/s/m*
'E A G =150 kg/s/m* 'g —Transition boundary
= — Transiti .
H maamE B Transition boundary E
£00.001 & £00.002
= £
B 0@ W WHAEEAA =
2 2
OO A OM 0.001
sm ‘- m vV
@ (b) . %
0.000 0.000
0 1 2 3 4 0 2 4 6 8
Mixture Froude number, Fr,, [-] Mixture Froude number, Fr,, [-]
0.005
( C) Closed symbols: gravity dependent
Open symbols: gravity independent
O G =40 kg/s/m*_Ohta et al. [2013]
o @ G =40 kg/s/m*_Ohta et al. [2013]
0.004 O G = 40 kg/s/m* Lebon et al. [2019]
@ G =40 kg/s/m*_Lebon et al. [2019]
G =60 kg/s/m*>_Ohta et al. [2013]
D © G = 60 kg/s/m*_Ohta et al. [2013]
[¢] © G =60 kg/s/m*_Lebon et al. [2019]
< 0.003 ° ® G =60 kg/s/m*_Lebon et al. [2019]
Q O G =80 kg/s/m*_Lebon et al. [2019]
P OOCHID B G =80 kg/s/m*_Lebon et al. [2019]
£ v G = 120 ke/ameLebon et ok {2019
= g/s/m*_Lebon et al.
o & G 150 kgaimeOhta e k. (2013
= g/s/m*_Ohta et al.
%n <o —Transition boundary
= F A AWAAAA
2 \A
£20.001 % o
AM AAAA
*
.V
0.000
0 1 2 3 4 5

Mixture Froude number, Fr,, [-]

Fig. 9. Proposed gravity dependence map, a. current work, b. data of Narcy (2014), c. data of Lebon et al. (2019) and Ohta et al. (2013).

Heat transfer coefficient 7 [W/m?/K]

2,000

1,500

1,000

500

AG =50 kg/s/m? q =0.5 W/m*>_ng
A G =50 kg/s/m?, q =0.5 W/m*>_-1g
OG =50 kg/s/m? q =1.5 Wm*>_pg
@G =50 kg/s/m?, q =1.5 Wm?_-1g

(a)

COSMO (microgravity)
BRASIL (downward)

3,000

3,000

AG=175kg/s/m? q=1.0 W/m*_pg
AG=75kg/s/m* q=1.0 Wm?*_-1g
OG =75 kg/s/m? q =2.0 Wm*_pg
@G =75 kg/s/m*, q=2.0 Wm?_-1g

2,500

2,500

AG =100 kg/s/m? q=1.0 W/m?>_pg
A G =100 kg/s/m? q=1.0 W/m*>_-1g
OG =100 kg/s/m?, q=2.0 W/m?_pg
[® G =100 kg/s/m?, q = 2.0 W/m*_-1g

2,000

1,500

1,000

500

Heat transfer coefficient 7 [W/m%K]

2,000

1,500

1,000

500

Heat transfer coefficient /7 [W/m%K]

COSMO (microgravity)
BRASIL (downward)

0.0

0.2 0.4 0.6
Vapor quality x [-]

0.0

0.2 04 0.6
Vapor quality x [-]

COSMO (microgravity)
BRASIL (downward)

0.0 0.2 04
Vapor quality x [-]

0.6

Fig. 10. Comparison between heat transfer coefficient in ug and —1g flows. Solid lines are polynomial fits added to highlight trends.

50 < G < 400 kg/m?s, 0 < x < 0.7 and 0.5 < q > 3.0 W/cm? was pre-
sented in Ayegba et al. (2022). For G > 75 kg/m?s and g > 0.5 W /cm?,
the measured heat transfer was higher in —1g relative to +1g and the
difference (h_1g — hi1,) increased with heat flux. A similar trend was
found when a comparison of 7,,__1; and 7,,_.1, was done, although, the
heat flux dependence of the wall shear stress was smaller relative to the
heat flux dependence of the heat transfer coefficient. The coupling be-
tween the wall shear stress 7,, and the heat transfer coefficient h in both
upward and downward flow was used as a bases for developing theo-
retical eddy viscosity models for the prediction of heat transfer coeffi-
cient in annular flow regime of upward and downward flows (Ayegba
et al., 2023). Unfortunately, no wall shear stress measurements were

10

performed in microgravity experiments. It was thus not conceivable to
develop an eddy diffusivity model for the prediction of the heat transfer
coefficient in microgravity.

4.2. Semi-empirical modelling of heat transfer coefficient in ug flow

In this section, a semi-empirical model for predicting the heat
transfer coefficient in ug is proposed. Ayegba et al. (2022) proposed
some modifications to the upward (+ 1g) flow boiling heat transfer
model of (Kim and Mudawar (2013) to provide better representation of
experimental trends in upward flow (Eq. (5). The model is valid for re-
frigerants flowing in smooth circular tubes in subcooled and saturated



P.O. Ayegba et al.

conditions.
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where Bo is the Boiling number, X, is the Lockhart-Martinelli parameter
based on turbulent liquid-turbulent vapor flows, Wej, is the Weber
number of the liquid, x is the vapor quality, P/P is the reduced pres-
sure, o is the surface tension, Re; is the liquid Reynolds number, h; is
determined from single-phase turbulent heat transfer correlation of
Dittus and Boelter (1930).

Fig. 11 provides a comparison between measured and predicted (Eq.
(5)), (Ayegba et al., 2022) heat transfer coefficient in +1g flow. The
proposed model predicted around 95 % of the measured data in +1g
within +£20% and reproduced the heat transfer evolution with mass flux,
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heat flux and vapor quality (Fig. 11f). Also, from the experimental data,
it can be seen that, at low mass fluxes (for example, G = 75 kg/m?s,
Fig. 11b) and x < 0.6, the heat transfer coefficient increases significantly
with increase in wall heat flux. In these flow conditions, nucleate boiling
(NB and NBA) is dominant over convective boiling heat transfer. At
higher mass fluxes (for example, G = 200 kg/m?s, Fig. 11d) and
x > 0.35, the measured heat transfer coefficient is quite independent of
the wall heat flux and increases with vapor quality. In these flow con-
ditions, convective boiling (CB) is dominant over nucleate boiling heat
transfer. Interestingly, the model reproduced the parameter dependence
of the measured heat transfer coefficient.

The focus of the current work is microgravity (ug) flow and there are
no models for predicting hyg .. Owing to their better performance
compared to other models in predicting hag_1g, the hag_,14 correlations
of Kim and Mudawar (2013) and Ayegba et al. (2022) were tested for
predicting the measured hyz ,; in the current work as well as the
measured hyy ¢ data in the work of Ohta et al. (2013) and the Thesis of
Narcy (2014). As expected, both hys_ 114 correlations overpredicted the
hag_ug data in the current work and hag_y, data in the works of Ohta et al.
(2013) and Narcy (2014) (Fig. 12). The modified hyg_41¢ correlation of
Kim and Mudawar (2013) as given by Ayegba et al. (2022) (Fig. 12
bottom) provided a better prediction of the hyy_,, database when
compared to the original hyg_,1, correlation of Kim and Mudawar
(2013) (Fig. 12 top). Due to limitations of the hyy_,14 correlations in
predicting the measured hyy_, steps are taken in the current work to
provide suitable correlation for predicting hag_yq.
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Fig. 12. Comparison of measured and predicted heat transfer coefficient in ug flow.

Some of the distinguishing features between +1g and ug flows
include:

1. Predominance of elongated bubbles (larger bubble sizes and higher
void fraction) in ug relative to +1g flows. This bubble characteristics
is similar to the confined bubble growth observed in microchannels
and results in the suppression of wall nucleation. The flow visuali-
zations shown in Fig. 3 highlight this effect.

2. Thinner annular film (higher void fraction) in ug relative to +1g
flows. This enhances the drag effect of the vapor close to the wall.
The thinner liquid film thickness reduces the thermal resistance of
the liquid film.

3. Reduced wall and interfacial shear stress in ug relative to +1g flows.
In the PhD Thesis of Narcy (2014), the adiabatic wall shear stress of
ug flow relative to +1g flow 7, /7y, ,, increased with mass flux and
vapor quality from 30% to 100% . Ayegba et al. (2022) also showed
that the influence on gravity decreased with mass flux and vapor
quality. Furthermore, it was shown that in the fully convective
regime at high mass flux, there was limited influence of gravity on
the measured heat transfer, as it is the case for the wall shear stress.
The dependence of hyy on 7,_25 would also suggest a similar trend
for the convective part of the heat transfer coefficient (i.e., hep_yg =
30 to 100% of hep_14)-

It should be remarked that the effects of distinguishing features 1 and
2 (bubble size and liquid film thickness) are accounted for in dis-
tinguishing feature 3 (shear stress) through the two-phase momentum
balance equation. Therefore, as a first step, a simple modification to the
hag_41g correlation of Ayegba et al. (2022) is done here in line with
distinguishing feature 3. To account for this gravity dependence, a
multiplier (F) was introduced to the convective part (he_414) of the heat
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transfer correlation of Ayegba et al. (2022) (Eq. (7) such that hy_,, =
Fhg_t1,. F was determined as a simple power law function of the
single-phase Reynolds number of the liquid (Re;) (Eq. (9), Fig. 13a).

©)

Furthermore, it was remarked in the previous section, that the heat
flux dependence in ug was higher than that in +1g but of equivalent
magnitude as that in — 1g. In the current work, it was found that a 15 %
increase in the nucleate boiling contribution to the total heat transfer
coefficient was adequate to account for the higher heat flux dependence
in ug relative to +1g (i.e., Awp_ye = 1.15 X hyy_,1,). This higher heat flux
dependence is thought to be associated with the longer residence time
and larger detachment diameter of nucleated bubbles on the wall in ug
relative to + 1g. The proposed model for predicting heat transfer coef-
ficient in ug is therefore given by Eq. (10).

F =0.06Re)> (Re,=G.D/ ;)

hag_ug = \/[(1.15hnb7+1g)2 + (F.hcbjlg)z} (microgravity flow) (10)

Fig. 13 provides a comparison between measured (current work) and
predicted (Eq. (10) heat transfer coefficient in ug flow. The proposed
model predicted 100 % of the measured data in yg within +£20% and also
reproduced the heat transfer evolution with mass flux, heat flux and
vapor quality. The proposed model was also used to predict the
measured ug heat transfer coefficient in the article of Ohta et al. (2013)
and the measured ug heat transfer coefficient in the Thesis of Narcy
(2014) (Fig. 14). The proposed model predicted nearly 100 % of the data
of Ohta et al. (2013) within +30% (Fig. 14a) and around 85 % of the
data of Narcy (2014) within -20 % to +50 % (Fig. 14b).

Considering the similarities (elongated bubbles and thin annular
liquid film) between microgravity flows and microchannel flows, a few
correlations for heat transfer coefficient in cylindrical microchannel
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flows were tested against the measured microgravity heat transfer co-
efficient (Basu et al., 2011; Costa-Patry et al., 2012; Kanizawa et al.,
2016; Saitoh et al., 2007; Sun and Mishima, 2009; Zhang et al., 2004). In
general, all the tested correlations failed to predict the measured hyg g
for all three data sets. Among, the tested cylindrical microchannel cor-
relations, the correlation of Kanizawa et al. (2016) provided the best
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reproduction of the parametric dependence (x, ¢”, G) of the measured
hog_ug. The model however over-predicted the measure hyy_,, for all
three data sets (See Fig. 15a for the current data set). Interestingly, for all
three data sets and over the entire test conditions the over-prediction
was by a factor of ~ 1.72. Therefore, a simple multiplication of the
microchannel heat transfer coefficient correlation of Kanizawa et al.
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(2016) by 0.58 (i.e., hag_ g = 0.58h2g_ganizawa) provided very good
predictions of the measured data for all three data sets (Fig. 15b-h). The
modified correlation of Kanizawa et al. (2016) predicted 100 % of the
current data within +20% (Fig. 15b) and also reproduced the parametric
trends (Fig. 15¢-f). It also predicted about 100 % of the data of Ohta et al.
(2013) within —20 & + 50% and the data of Narcy (2014) within +50%.
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where F, S,d, and T, are the convective boiling enhancement factor,
nucleate boiling suppression factor, estimated bubble departure diam-
eter, and the saturation temperature of the test fluid in Kelvin. Bd is the
Bond number which was introduced to capture the influence of confined
bubble growth on the suppression of nucleate boiling. We,, is the vapor
Weber number based on the in-situ vapor velocity and account for the
two-phase distribution along the cross-section.

5. Conclusions

This work explored the influence of gravity level as well as orienta-
tion relative to gravity on the flow pattern, void fraction, liquid film
thickness, vapor velocity and heat transfer coefficient using experi-
mental approach.

1. For G/p; > 0.15 m/s, bubbly, intermittent (slug/churn) and annular
flow regimes were observed in — 1g, ug and +1g flows. For G /p; <
0.15 m/s in —1g flow, the bubbly flow regime was replaced by the
falling film flow regime.

2. In general, the mean bubble and/or slug size decreased from —1g
flow through ug to +1g in line with the bubble drift velocities asso-
ciated with these gravity conditions. The opposite trend was
observed with the liquid film thickness in the annular flow regime.
Bubbles and/or slugs were more distorted in ug flow relative to both
+1gand —1g flows due to the absence of buoyancy forces. The results
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of the current study along with those of Ayegba et al. (2022) and
Narcy et al. (2014) leads to the conclusion that, the influence of
gravity on bubble and/or slug geometry is limited to G < 540 kg/m?s
and/or x < 0.35.

3. Overall, the measured heat transfer coefficient in all three gravity
conditions showed a dependence on heat flux, mass flux and/or
vapor quality. The heat flux dependence was lower in +1g flow
relative to both ug and —1g flows. For
Rej, < 2000 (G < 150 kg /m?%s) and Bo < 0.002 the measured heat
transfer coefficient was highest in —1g flow and lowest in yg flow but
becomes comparable at Bo > 0.002. For
Re;;>2000 (G150 kg /m?s), gravity dependence was a function of
both mass flux and vapor quality and becomes negligible at G >
400 kg/m?s and/or x > 0.35.

4. Correlations for predicting heat transfer coefficient in microgravity
were proposed in the current work. Suitable modification of the
hag_11¢ correlation of Ayegba et al. (2022) provided a correlation
that predicted 100 % of the current ug data within +£20%. The cor-
relation also predicted nearly 100 % of the ug data of Ohta et al.
(2013) within +£30% and around 85 % of the ug data of Narcy (2014)
within -20 % to +50 %. The correlation of Kanizawa et al. 2016
developed for circular micro-channel flows, multiplied by a factor
0.58 also provides good prediction of the heat transfer coefficient.

5. Asimple correlation for predicting the gravity dependent regime as it
relates to heat transfer coefficient in +1g and ug flows was also
proposed in this work. The proposed criterium correctly predicted
over 85 % of the gravity-dependent heat transfer coefficient in the
current work and the works of Lebon et al. (2019), Narcy (2014) and
Ohta et al. (2013).
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