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Gas-liquid and liquid-vapor pipe flows in microgravity have been studied for more than forty years because of theirpotential applications in space industries for thermal control of satellites, propellant supply for launchers, and wastewater treatment for space missions. Also, microgravity experiments provide unique conditions for highlighting and modeling capillary and inertia effects in the dynamics of two-phase flows. This paper discusses the results of flow pattern characterization, void fraction measurements, wall and interfacial shear stresses, and heat transfer coefficients. The main results are compared with ground experiments and classical correlations and models from the literature. Recent results from flow boiling in pipes are also discussed and perspectives on future studies are presented.

INTRODUCTION

Gas-liquid and vapor-liquid flows play a role in a wide variety of applications in environments of both normal and reduced gravity. As is usually the case, there are many benefits and drawbacks to the use of two-phase systems, and consequently serious consideration must be given to whether or not to proceed with the design, construction, and use of these systems, particularly in reduced-gravity conditions.

In normal-gravity, or terrestrial, applications, gas-liquid flows have been traditionally studied by the petroleum and nuclear industries. The petroleum industry has focused most of its efforts on flow through long pipelines to transfer a mixture of crude oil and natural gas from a well and then separate the components or products of the flow at the refinery. The nuclear industry has focused on system stability and safety with the primary intent of preventing dry-out of the nuclear reactor through either heat transfer/fluid flow instability or loss of coolant as the heat energy is transferred from the reactor to the turbines. The chemical industry has utilized gas-liquid contactors to increase interfacial heat and mass transfers in absorption, stripping, and distillation processes that involve two-phase flow though complex geometries.

In a reduced-gravity environment, the principles of two-phase flow remain the same. Applications include thermal management systems for satellites, power management systems for long-term missions or manned space platforms, and management of fluid from the storage tanks of launchers through the lines to the engine. Thermal management systems transfer heat from a source (resistance heat from electronic equipment) to a sink, typically through a radiator panel. Different devices are used depending on the power to be transferred: heat pipes, loop heat pipes, single-phase mechanical pumped loops, and so forth.

Future communications satellites will require heat removal capabilities greater than 10 kW. In this context, the use of a two-phase mechanical pumped loop significantly reduces weight and size through powerful heat transfer by latent heat. However, up to now technical solutions involving single-phase mechanical pumped loops have often been preferred because of the lack of reliable predictive models for sizing two-phase flow loops. Nevertheless, in the future the use of two-phase mechanical pumped loops will become unavoidable for thermal management and for power generation (from nuclear reactors) for long-term space missions and wastewater treatment. To properly design such systems under microgravity conditions, it is necessary that flow pattern, pressure drop, heat transfer, and critical heat flux (CHF) be predicted.

Another important problem concerns fluid management-the behavior of the propellant in the launcher tanks and its transfer from the tank to the engines through supply lines. Cryogenic liquids are pressurized by their vapor or a noncondensable gas. During the different phases of the mission (propelled, ballistic), it is important to control phase distribution and the evolution of temperature and pressure inside the reservoirs. The evolution of these parameters strongly depends on heat and mass transfer. During the ballistic phase of a mission, the tank wall is heated by solar radiation and thermal dissipation from the engine and electrical devices. Because there is no thermal convection in microgravity, heat transfer between the heated wall and the liquid is mainly due to heat conduction, and the wall temperature can become greater than the required temperature for the onset of nucleate boiling. For this reason, the study of boiling in microgravity is of particular interest.

Boiling is a complex process that combines heat and mass transfer, hydrodynamics, and interfacial phenomena. Because gravity affects the fluid dynamics of boiling and may lead to unpredictable performance of thermal management systems, it is necessary to perform experiments directly in (near) weightless environments. Besides the International Space Station, microgravity conditions can be simulated by means of a drop tower and parabolic flights onboard an aircraft or a sounding rocket. This review focuses on both older and recent results obtained in microgravity for gas-liquid flow or flow boiling in pipes for wall heat fluxes lower than the critical heat flux.

In the past forty years, many gas-liquid flow experiments have been conducted in microgravity conditions. Space applications have raised some classical technical problems that have stimulated two-phase flow research. Among these are predictions of flow pattern; pressure drop; heat transfer, including critical heat flux; and void fraction in thermohydraulic systems. Beyond the design of space systems, reduced-gravity two-phase flows can address some fundamental questions that remain unsolved. On earth, the force balance between the two phases is often dominated by gravitational force. As gravity is suppressed, a new balance comes into play between inertial, viscous, and interfacial forces so that the mechanics governing the interactions between phases drastically change. Low-gravity conditions are particularly favorable to the emergence of surface tension as a dominating force whose role is often small in 1-g environments.

In the following, we focus on the main results concerning flow pattern, void fraction distribution, pressure drop in adiabatic gas-liquid flow and/or vapor-liquid flows in microgravity in pipe flows, and heat transfer coefficients (HTC) in vapor-liquid flows. Because this review is not meant to be exhaustive, the reader is directed to complementary information that can be found in [START_REF] Colin | Bubble and slug flow at microgravity conditions: State of knowledge and open questions[END_REF][START_REF] Mcquillen | Ground-based gas-liquid flow research in microgravity conditions: State of knowledge[END_REF]; [START_REF] Ohta | Microgravity heat transfer in flow boiling[END_REF]; [START_REF] Celata | Flow boiling heat transfer in microgravity: Recent progress[END_REF]; [START_REF] Zhao | Two-phase flow and pool boiling heat transfer in microgravity[END_REF]; and [START_REF] Ohta | Boiling experiments under microgravity conditions[END_REF].

FLOW PATTERNS AND TRANSITIONS

The classification of two-phase flow by various patterns, although subjective, is easy to accomplish because it requires careful observation of the flow only; similar patterns are observed for gas-liquid (adabatic) flows and vapor-liquid (boiling) flows. Several studies with and without phase change have been carried out in microgravity conditions over the past 30 years. The fluids used were either air and water or boiling 113,114; Studies performed in the 1990s and early 2000s mainly concerned gas-liquid adiabatic flows, in tubes of 6-40-mm inner diameter, and flow pattern maps were classically plotted versus the superficial velocities of liquid j L and gas j G [START_REF] Dukler | Gas-liquid flow at microgravity conditions: Flow patterns and their transitions[END_REF][START_REF] Colin | Gas-liquid flow at microgravity conditions-I: Dispersed bubble and slug flow[END_REF][START_REF] Colin | Bubble and slug flow at microgravity conditions: State of knowledge and open questions[END_REF][START_REF] Huckerby | Flow pattern observations in two-phase gas liquid flow in a straight tube under normal and microgravity conditions[END_REF][START_REF] Zhao | Gas liquid flow patterns at microgravity conditions[END_REF][START_REF] Bousman | Gas-liquid flow pattern in microgravity: Effects of tube diameter, liquid viscosity and surface tension[END_REF][START_REF] Zhao | Experimental studies on two-phase flow patterns aboard the Mir space station[END_REF].

At a low void fraction, bubbly flow occurs. At high j L and low j G values, small bubbles of a few millimeters appear that are nearly spherical. Their motion is rectilinear with nearly the same velocity, and their size is mainly controlled by coalescence. As the void fraction increases, larger bubbles are created.

Large bubbles are the precursors of cylindrical bubbles that appear in slug flow at higher void fractions. These have a smooth interface and a spherical nose and are separated by liquid slugs. The slugs contain smaller spherical bubbles moving at nearly the same velocity as the cylindrical bubbles. In contrast to 1-g upward flow bubbles, these bubbles are not created by gas entrainment at the rear of the cylindrical bubbles; rather, they are simply the residues of the initial bubbles injected at the inlet section of the tube.

As gas velocity increases, the liquid slugs decrease in length; when they are short enough, they collapse. The resulting pattern, consisting of liquid flowing in the form of a film at the wall and gas flowing in the center, is similar to annular flow. The gas core can sometimes break up, causing the appearance of frothy slugs containing many small bubbles. This flow pattern, which is often called frothy slug annular flow [START_REF] Zhao | Gas liquid flow patterns at microgravity conditions[END_REF], is a transition between slug flow and annular flow, which occurs at the highest gas superficial velocities. When the gas velocity is very high, the interface becomes wavy and some droplets can be entrained in the gas core.

Determining a flow pattern is sometime subjective and is not a final goal. However, modeling wall shear stress and wall heat transfer depends on flow patterns and particular attention must be paid to determining the transition between them.

Different models exist for predicting the transition from bubbly to slug flow. Some of them are based on a critical value of the void fraction α c [START_REF] Dukler | Gas-liquid flow at microgravity conditions: Flow patterns and their transitions[END_REF][START_REF] Colin | Gas-liquid flow at microgravity conditions-I: Dispersed bubble and slug flow[END_REF] or a critical value of the Weber number [START_REF] Zhao | Gas liquid flow patterns at microgravity conditions[END_REF]. The transition from bubbly to slug flow is very progressive, with an increase in bubble size resulting from a coalescence mechanism along the tube. For gas-liquid [START_REF] Dukler | Gas-liquid flow at microgravity conditions: Flow patterns and their transitions[END_REF][START_REF] Fabre | Gas-liquid pipe flow under microgravity conditions: Influence of tube diameter on flow patterns and pressure drops[END_REF][START_REF] Bousman | Gas-liquid flow pattern in microgravity: Effects of tube diameter, liquid viscosity and surface tension[END_REF][START_REF] Colin | Gas-liquid flow at microgravity conditions-I: Dispersed bubble and slug flow[END_REF]) and liquid-vapor flows [START_REF] Reinarts | Adiabatic two phase flow regime data and modeling for zero and reduced (horizontal flow) acceleration fields[END_REF], two coalescence regimes have been identified: inhibiting and promoting. [START_REF] Colin | Bubble and slug flow at microgravity conditions: State of knowledge and open questions[END_REF] pointed out that these regimes are characterized by the Ohnesorge number, Oh = ν L √ ρ L /σD based on liquid properties (density, viscosity, surface tension) and tube diameter D. In the inhibiting coalescence regime for Oh > 8.2 × 10 -4 , the transition between bubbly and slug flows occurs for α c ≈ 0.45; in the promoting coalescence regime for Oh < 7.6 × 10 -4 , the transition occurs for α c ≈ 0.2. A criterion based on the Suratman number Su = 1/Oh 2 was proposed by [START_REF] Jayawardena | Flow pattern transition maps for microgravity two-phase flows[END_REF].

Because the transition from bubbly to slug flow is due to bubble coalescence, it seems relevant to develop mechanistic models of bubble coalescence in turbulent pipe flows. To validate these models, several authors measured bubble size evolution along the pipe [START_REF] Takamasa | Interfacial area transport of bubbly flow under microgravity environment[END_REF][START_REF] Kamp | Bubble coalescence in turbulent flows: A mechanistic model for turbulence induced coalescence applied to bubbly pipe flows under microgravity conditions[END_REF][START_REF] Colin | Bubble coalescence in gas-liquid flow at microgravity conditions[END_REF][START_REF] Hazuku | Characteristics of developing vertical bubbly flow under normal and microgravity conditions[END_REF]. [START_REF] Kamp | Bubble coalescence in turbulent flows: A mechanistic model for turbulence induced coalescence applied to bubbly pipe flows under microgravity conditions[END_REF] proposed a model to predict the rate of bubble coalescence in a turbulent flow and were able to reproduce the evolution of bubble size along a 40-mm-diameter tube. They found that coalescence is promoted by turbulence when the bubble size is smaller than the turbulence integral length scale (typically D/4, D being the tube diameter). When the bubble size is larger than the turbulence integral length scale, turbulence is no more efficient in promoting coalescence. The source of bubble collision and coalescence is the mean shear of the flow [START_REF] Colin | Bubble coalescence in gas-liquid flow at microgravity conditions[END_REF], and the coalescence rate is much smaller. The ratio of bubble size to tube diameter is the parameter that distinguishes the two coalescence regimes. [START_REF] Zhao | Influence of bubble initial size on bubble-to-slug transition[END_REF] proposed a criterion for the void fraction at the transition between bubbly and slug flow based on the ratio of initial bubble diameter to tube diameter. However, this ratio cannot be the only parameter; the length of the tube also has to be taken into account to predict bubble size evolution along the pipe by coalescence.

Different authors have studied the transition from slug to annular flow, including [START_REF] Dukler | Gas-liquid flow at microgravity conditions: Flow patterns and their transitions[END_REF], [START_REF] Huckerby | Flow pattern observations in two-phase gas liquid flow in a straight tube under normal and microgravity conditions[END_REF], and [START_REF] Bousman | Studies of gas-liquid flow in microgravity: Void fraction, pressure drop and flow pattern[END_REF]. Based on experimental results, different approaches for the prediction of this transition have been proposed. According to [START_REF] Dukler | Gas-liquid flow at microgravity conditions: Flow patterns and their transitions[END_REF], for turbulent gas and liquid flows the transitional void fraction calculated from both slug flow and annular flow models must be equal and thus is determined by

α 5/2 (1 -α) 2 = f i f w ρ G ρ L j G j L 2 (1)
where f i and f w are the interfacial and wall friction factors and j G and j L are the gas and liquid densities. Dukler et al. found a transition between slug and annular flow for a void fraction value α ≈ 0.8. The value of the critical void fraction at the transition calculated by Eq. ( 1) is very sensitive to the modeling of the wall and interfacial friction factors [START_REF] Zhao | Two-phase flow and pool boiling heat transfer in microgravity[END_REF], so care must be taken in using this model. [START_REF] Zhao | Gas liquid flow patterns at microgravity conditions[END_REF] assumed that the transition between slug and annular flow occurs at a critical value of a Weber number, the ratio of gas inertia to capillary effects: [START_REF] Zhao | Slug to annular flow transition of microgravity two-phase flow[END_REF] proposed a model for predicting the transition between slug and annular flow in microgravity. Their approach was similar to Reinarts' (1993), assuming that transition occurs when the impulsive force due to gas inertia is sufficient to overcome the surface tension force that maintains the spherical shape of the nozzle of the elongated bubbles. This model seems to be able to reproduce the transition observed for air-water flows in microgravity, liquid-liquid flows in normal gravity, and air-water flows in small tubes in normal gravity. However, it is sensitive to the values of the distribution parameter C 0 in slug flow and to an adjustable constant that is chosen to fit the experimental data.

We GS = ρ G j 2 G D/σ ≈ 20.
The same flow patterns-bubbly, slug, and annular (Fig. 1) are observed in adiabatic gas-liquid flows, condensing flow, and convective boiling for wall heat fluxes smaller than the critical heat flux [START_REF] Ohta | Experiments on microgravity boiling heat transfer by using transparent heaters[END_REF][START_REF] Ohta | Microgravity heat transfer in flow boiling[END_REF][START_REF] Reinarts | Adiabatic two phase flow regime data and modeling for zero and reduced (horizontal flow) acceleration fields[END_REF]; [START_REF] Celata | Flow boiling heat transfer in microgravity: Recent progress[END_REF]Narcy et al., 2014a). Transitional flows, such as bubble-slug and slug-annular, are also observed. The main difference between adiabatic and boiling flows is the nucleation of the bubbles at the wall and the constant evolution of quality and void fraction along the heated tube. [START_REF] Ohta | Microgravity heat transfer in flow boiling[END_REF] studied flow boiling of R-113 in a vertical transparent tube of 8-mm internal diameter coated on the inside with a gold film, and observed bubbly, slug, and annular flows. [START_REF] Celata | Flow boiling heat transfer in microgravity: Recent progress[END_REF] performed experiments in parabolic flights with boiling FC-72 in Pyrex tubes of 2-, 4-, and 6-mm diameters. They observed bubbly, plug, and disordered intermittent flow and plotted a flow pattern map versus the mass flux G and the thermodynamic quality (negative in subcooled boiling), showing that it is difficult to compare subcooled boiling with the classical flow pattern map established for air-water flow. Recently, Narcy et al. (2014a) studied flow boiling in a sapphire tube of 6-mm diameter coated on the outside with an ITO deposit heated by the Joule effect. They used the vapor and liquid superficial velocities to plot a flow pattern map. Figure 2 plots the isolines of the G and x values, x being the ratio of the vapor mass flow rate to the total mass flow rate, which is different from the thermodynamic quality in subcooled boiling and is calculated with an enthalpy balance equation for the mixture (Narcy et al., 2014a). The map created by [START_REF] Colin | Gas-liquid flow at microgravity conditions-I: Dispersed bubble and slug flow[END_REF] and [START_REF] Dukler | Gas-liquid flow at microgravity conditions: Flow patterns and their transitions[END_REF], based on void fraction transition criteria and slightly modified on the basis of current experimental data, shows a reasonable prediction capability. The transition between bubbly and slug flow is observed for a quality x ≈ 0.05 and a void fraction α c ≈ 0.7 (Fig. 2), which is in agreement with the value of 0.74 found by [START_REF] Celata | Flow boiling heat transfer in microgravity: Recent progress[END_REF] for FC-72 in 4-and 6-mm-diameter tubes. Bubbly flow remains at rather high void fraction values. The Ohnesorge number in the experiments of Narcy et al. (2014a) is equal to 1.14 × 10 -3 , which is characteristic of an inhibited coalescence regime, according to [START_REF] Colin | Bubble and slug flow at microgravity conditions: State of knowledge and open questions[END_REF], and may explain the high void fraction observed in bubbly flow. The observed void fraction values in boiling flows are larger than those in adiabatic flows for different reasons. First, the initial bubble size, nucleated on the wall, is very small. Second, the length L of the test sections in boiling experiments is small. The ratio L/D is close to 30 in the experiments of Narcy et al. (2014a) and close to 80 in the experiments of [START_REF] Colin | Bubble and slug flow at microgravity conditions: State of knowledge and open questions[END_REF]. Thus, the residence time of the bubbles in the tube is much smaller, as is the probability of coalescence.

= 61 kg/s/m 2 , ∆T sub = 11 • C, q = 1.1 W/cm 2 ; (b) transition bubbly-slug flow: G = 50 kg/s/m 2 , ∆T sub = 9 • C, q = 2 W/cm 2 ; (c) slug flow: G = 202 kg/s/m 2 , ∆T sub = 4 • C, q = 1.1 W/cm 2 ; (d) transition slug-annular flow: G = 50 kg/s/m 2 , ∆T sub = 5 • C, q = 2 W/cm 2 ; (e) annular flow: G = 88 kg/s/m 2 , x = 0.20, q = 2.2 W/cm 2 .
The transition from slug to annular flow is found for x ≈ 0.13 and α c ≈ 0.8, which is in agreement with the transition criteria proposed by [START_REF] Dukler | Gas-liquid flow at microgravity conditions: Flow patterns and their transitions[END_REF]. These criteria are based on a given value of the Weber Number

FIG. 2:

Flow pattern map for HFE-7000 in a 6-mm-diameter tube in microgravity according to [START_REF] Narcy | Flow boiling in straight heated tube under normal gravity and microgravity conditions[END_REF].

We GS = 20 corresponding to a constant value of j G equal to 2.1 m/s. They do not accurately predict the transition from slug to annular flow. Similar flow pattern maps are observed in microgravity and on earth. In bubbly flow at low mass flux (G < 200 kg/m 2 /s), the vapor bubbles are larger in 0-g than on earth, generally because of the larger bubble diameter at detachment resulting from the absence of buoyancy and the higher rate of coalescence [START_REF] Kamp | Bubble coalescence in turbulent flows: A mechanistic model for turbulence induced coalescence applied to bubbly pipe flows under microgravity conditions[END_REF]. Fluid velocity also has a significant influence on the shape of Taylor bubbles in intermittent flow.

VOID FRACTION AND FILM THICKNESS

Several authors have published data on void fraction or averaged gas velocity and film thickness. Different methods have been used to determine the cross-sectional averaged void fraction a. These include capacitance probes [START_REF] Elkow | Void fraction measurements in gas-liquid flows under 1-g and 0-g conditions using capacitance sensors[END_REF] and conductance probes [START_REF] Colin | Gas-liquid flow at microgravity conditions-I: Dispersed bubble and slug flow[END_REF][START_REF] Fabre | Gas-liquid pipe flow under microgravity conditions: Influence of tube diameter on flow patterns and pressure drops[END_REF][START_REF] Bousman | Studies of gas-liquid flow in microgravity: Void fraction, pressure drop and flow pattern[END_REF]. For bubbly and slug flows in microgravity, the mean gas velocity U G = j G /α is well predicted by a drift flux model for gas-liquid flows [START_REF] Colin | Gas-liquid flow at microgravity conditions-I: Dispersed bubble and slug flow[END_REF], U G = C 0 j, j = j G + j L being the mixture velocity and C 0 being a coefficient that depends on the local void fraction and gas velocity distributions [START_REF] Zuber | Average volumetric concentration in two-phase systems[END_REF]. The value of C 0 is approximately equal to 1.2 for a pipe of 4-cm diameter and increases as the pipe diameter decreases. In experiments on subcooled flow boiling corresponding to bubbly and slug flows, [START_REF] Narcy | Flow boiling in straight heated tube under normal gravity and microgravity conditions[END_REF] showed that the mean vapor velocity U V is also well predicted by the drift flux model with a value of C 0 = 1.25 (Fig. 3). In vertical upward flow on the ground, the mean vapor velocity U V = C 0 j + U ∞ , where U ∞ is the bubble drift velocity. For bubbly flows, [START_REF] Harmathy | Velocity of large drops and bubbles in media of infinite and restrictive extent[END_REF]; for slug flows, U ∞ = 0.35 √ gD [START_REF] Wallis | One Dimensional Two-Phase Flow[END_REF]. Data in 1-g upward flows are plotted in Fig. 3 and compared with the drift flux model for bubbly flows with U ∞ = 0.145 m/s.

U ∞ = 1.53 g (ρ L -ρ V ) σ/ρ 2 L 1/4
The validity of the drift flux model for bubbly flow in microgravity with a C 0 value larger than 1 proves that, despite a negligible bubble drift velocity (U ∞ = 0), mean gas velocity U G is larger than mixture velocity j. For bubbly flow, the velocity difference U G -j is due to the most important concentration of bubbles in the central part of the tube, where liquid velocity is more important [START_REF] Colin | Bubble and slug flow at microgravity conditions: State of knowledge and open questions[END_REF]. Local bubble drift velocity is close to zero in microgravity, as confirmed by simultaneous local measurements of gas and liquid velocities [START_REF] Kamp | Bubbly flow in pipe: influence of gravity upon void and velocity distributions[END_REF]FIG. 3: Mean vapor velocity for bubbly and slug flows in subcooled boiling in microgravity (triangles) and normalgravity upward flow (diamonds). [START_REF] Colin | Turbulent bubbly flow in a pipe under gravity and microgravity conditions[END_REF]. The key problem in bubbly flow is thus the prediction of the radial void fraction distribution. An analytical model including the effects of lift force, added mass force, and turbulent dispersion was recently developed to predict the void fraction distribution in 1-g upward and downward flow and in microgravity. It clearly points to the role of interactions between bubbles and the turbulence of the liquid phase in microgravity conditions [START_REF] Colin | Turbulent bubbly flow in a pipe under gravity and microgravity conditions[END_REF][START_REF] Chahed | Turbulence and phase distribution in bubbly pipe flow under micro-gravity condition[END_REF].

Concerning annular flow, film thickness measurements have mostly been performed in gas-liquid flows without phase change. Determining film thickness in annular flow is crucial to determining wall shear stress and HTCs. [START_REF] Bousman | Studies of two-phase gas-liquid flow in microgravity[END_REF] measured film thickness using conductive probes and cross-correlating signals to obtain velocities. [START_REF] Bousman | Studies of gas-liquid flow in microgravity: Void fraction, pressure drop and flow pattern[END_REF], using four sets of probes placed around the circumference of the tube, observed that the annular film is axisymmetric in microgravity. With a fifth sensor downstream, they observed large disturbances or roll waves and showed that large liquid velocities increase the averaged film thickness and that high gas-flow velocities decrease it. These authors also pointed out the effect of surface tension and liquid viscosity on film thickness and wave structures. [START_REF] Wang | The influence of wave height on the interfacial friction in annular gas-liquid flow under normal and microgravity conditions[END_REF] analyzed the structure of liquid film using a conductive probe made of two parallel small wires traversing the pipe section. They compared the results obtained in vertical upward flow in normal gravity and that in microgravity conditions, finding that wave height and relative interfacial roughness decrease when the gas Reynolds number increases. In microgravity, the values of wave height and interfacial roughness are less than half of their values in normal gravity. [START_REF] Ohta | Microgravity heat transfer in flow boiling[END_REF] also observed a reduction in wave disturbances in microgravity conditions for air-water flows and for boiling R-113 flows in comparison with 1-g and 2-g upward flow. At low quality, the frequency of passing disturbance waves increases with gravity. Ohta developed an analytical model to calculate the velocity and temperature profiles in the liquid film and found that film thickness is larger in microgravity than in 1-g and 2-g for qualities smaller than 0.8 and moderate mass fluxes. Narcy et al. (2014a) recently performed void fraction measurements in annular flow boiling of HFE-7000 in a 6-mm-diameter tube using capacitance probes (Fig. 4). Their results are compared with the correlation provided by Cioncolini and Thome (2012a) to predict the void fraction in annular flow:

α = m x n 1 + (m -1) x n , with m = a + (1 -a) ρ L ρ V a 1 and n = b + (1 -b) ρ L ρ V b 1
(2) 2) overpredicts void fraction value in 1-g and in microgravity for G = 50 kg/m 2 /s. The results show that the void fraction is significantly higher in microgravity. Film thickness δ was deduced from the void fraction after estimating the liquid droplet entrainment e according to Cioncolini and Thome (2012b):

δ = D 2 1 -α 1 + ρ V ρ L 1 -x x e
with e = 1 + 279.6 We -0.8395 c -2.209

(3)

where We c is the Weber number of the vapor core with entrained droplets. The film thickness evolution with quality is plotted in Fig. 5 for normal and microgravity conditions. In microgravity, the measured film thickness values for G = 200 kg/m 2 /s agree well with Eq. ( 3). This correlation underpredicts the film thickness for low mass flux (G = 50 kg/m 2 /s) in microgravity and for all mass fluxes in normal gravity. Film thickness in 1-g is much larger than that in 0-g, especially for G > 100 kg/m 2 /s. This result contradicts the analytical model of [START_REF] Ohta | Microgravity heat transfer in flow boiling[END_REF] for the prediction of film thickness and heat transfer in annular flow. Additional experiments are needed to provide local measurements of film thickness as well as a detailed description of the film structure (interfacial waves, droplet entrainment, etc.).

PRESSURE DROP, WALL FRICTION, AND INTERFACIAL FRICTION

Most studies performed in microgravity conditions concern gas-liquid flow without phase change [START_REF] Bousman | Characterisation of annular two-phase gas-liquid flows in microgravity[END_REF][START_REF] Zhao | Pressure drop in gas-liquid flow patterns at microgravity conditions[END_REF][START_REF] Colin | Bubble and slug flow at microgravity conditions: State of knowledge and open questions[END_REF][START_REF] Zhao | Experimental studies on two-phase flow patterns aboard the Mir space station[END_REF]. Some results exist for liquidvapor flow [START_REF] Chen | Measurements and correlation of two-phase pressure drop under microgravity conditions[END_REF]Narcy et al., 2014a) but in an adiabatic test section. The wall shear stress τ W can be determined from pressure drop dP/dz and void fraction α measurements using the momentum balance of the mixture in adiabatic flow:

- dP dz - 4τ W D -(ρ L (1 -α) + ρ V α) g = 0 (4) 
In microgravity flows without phase change, wall shear stress is directly proportional to pressure drop. [START_REF] Colin | Bubble and slug flow at microgravity conditions: State of knowledge and open questions[END_REF] presented some results for air and water bubbly and slug flow in tubes of different diameters. In bubbly flow, the wall friction factor is well predicted by the single-phase flow correlation of Blasius (f L = 0.079Re 20,000 and 70,000. The Blasius correlation tends to underestimate the friction factor when Re L is smaller than 20,000 because, as the Reynolds number decreases, the thickness of the viscous layer increases and the presence of large bubbles affects this layer near the tube wall. [START_REF] Zhao | Two-phase flow and pool boiling heat transfer in microgravity[END_REF] proposed expressing the wall friction factor versus mixture velocity and liquid viscosity. The agreement with experimental data is better than with the Blasius correlation for Reynolds numbers between 6,000 and 30,000.

For slug and annular flows, the frictional pressure drop 4τ W /D was compared by [START_REF] Zhao | Pressure drop in gas-liquid flow patterns at microgravity conditions[END_REF] and [START_REF] Chen | Measurements and correlation of two-phase pressure drop under microgravity conditions[END_REF] with different empirical models [homogeneous model [START_REF] Lockhart | Proposed correlation of data for isothermal two-phase two-component flow in pipes[END_REF][START_REF] Friedel | Improved friction pressure drop correlations for horizontal and vertical two-phase pipe flows[END_REF]]. [START_REF] Awad | Review and modelling of two-phase frictional pressure gradient at microgravity conditions[END_REF] and [START_REF] Fang | Evaluation of using two-phase frictional pressure drop correlations for normal gravity to microgravity and reduced gravity[END_REF] proposed a modified expression of the correlation of Lockhart and Martinelli and found good agreement with the experimental data. According to [START_REF] Lockhart | Proposed correlation of data for isothermal two-phase two-component flow in pipes[END_REF], the frictional pressure gradient in two-phase flows can be expressed versus the single-phase liquid flow frictional pressure gradient (dP/dz) L and a multiplier φ 2 L : [START_REF] Lockhart | Proposed correlation of data for isothermal two-phase two-component flow in pipes[END_REF]. [START_REF] Bousman | Study of gas-liquid flow in microgravity: Void fraction, pressure drop and flow pattern[END_REF] determined interfacial shear stress and provided relationships for the interfacial friction factor f i ≈ 2τ i /ρ V U 2 V versus void fraction. More recent studies have focused on analysis of the liquid film structure (film thickness, interfacial waves). [START_REF] Wang | The influence of wave height on the interfacial friction in annular gas-liquid flow under normal and microgravity conditions[END_REF] related the interfacial friction factor f i to the interface roughness, reporting that the value of f i increases with interfacial roughness. Narcy et al. (2014a) showed that the interfacial friction factor depends on both liquid film thickness δ and the Reynolds number of the vapor core flow. They plotted f i /f V versus the Reynolds number of the vapor, Re V = j V D/v V , where f V = 0.079 (Re V ) -1/4 and found a smaller value of f i in microgravity for G < 400 kg/m 2 /s (Fig. 7). The difference between interfacial friction factors in 1-g and 0-g greatly increases as G decreases. [START_REF] Ohta | Microgravity heat transfer in flow boiling[END_REF] proposed a correlation to predict the ratio of the interfacial friction factors in 1-g and 0-g:

4τ W D = dP dz L φ 2 L with φ 2 L = 1 + C X + 1 X 2 and X = dP dz L dP dz V (5) C =
-α dP dz - 4τ i √ α D -ρ V αg = 0 (6)
f i-1g f i-0g = 1 + 0.08 1 -x x 0.9 1 Fr with Fr = j 2 L gD (7)
In Fig. 8, this ratio is plotted versus quality. Equation ( 7) seems to reproduce the effect of gravity on interfacial shear stress. Interfacial shear stress is very difficult to measure because it requires good accuracy for both pressure drop and void fraction. Very few measurements exist in microgravity, and work has still to be done to confirm the existing results. Interfacial shear stress is strongly linked to interfacial disturbance waves at the liquid film surface. According to [START_REF] Ohta | Microgravity heat transfer in flow boiling[END_REF], the celerity and frequency of the disturbance waves are larger in 1-g upward flow than in microgravity.

In microgravity the liquid film becomes smoother. A more detailed analysis of the structure of liquid film in both 1-g and 0-g would be useful in developing a model of interfacial shear stress. 

HEAT TRANSFER COEFFICIENT

Little research has been carried out on flow boiling heat transfer (FBHT) in reduced gravity. The reason is that FBHT requires both large heat loads and available room in a µ-g apparatus for experiments. Few data are available and coherence in existing data is missing, perhaps because of severe restrictions in test apparatus specifications, strict prescription of experimental conditions, too few opportunities to perform additional experiments for repeatability, and short-lived µ-g conditions, among other drawbacks. Nevertheless, new results were recently obtained by Japanese, European, and American teams in parabolic flights. [START_REF] Saito | Boiling two-phase flow under microgravity[END_REF] reported heat transfer data for flow boiling of water in a horizontal annulus with a central heater rod during parabolic flight. Contrary to terrestrial conditions, where stratified flow often occurs except at high mass flux, under microgravity conditions, because of reduced buoyancy, bubbles barely detach from the heater rod. The bubbles flow along the heater rod and grow because of vaporization on the heater rod, and/or they coalesce around the heater. Under microgravity this tendency is more noticeable in lower inlet fluid velocity, higher heat flux, and lower inlet fluid subcooling. [START_REF] Saito | Boiling two-phase flow under microgravity[END_REF] found differences in local HTCs to be very small, however, in spite of large differences in the flow regimes under earth gravity and microgravity. [START_REF] Lui | An experimental investigation of subcooled flow boiling heat transfer under microgravity conditions[END_REF] carried out heat transfer experiments in subcooled flow boiling of R-113 using a tubular test section (12-mm internal diameter, 914.4-mm length). They found subcooled boiling heat transfer to be enhanced in microgravity conditions, reporting HTCs approximately 5-20% higher in microgravity and generally increasing with higher qualities. According to the authors, the greater movement of vapor bubbles on the heater surface causes more localized turbulence, believed to be responsible for increased HTCs. [START_REF] Ohta | Microgravity heat transfer in flow boiling[END_REF] studied flow boiling of R-113 in a vertical transparent tube (8-mm internal diameter, 100-mm length) internally coated with a gold film in parabolic flight. He found mass flux ranging 150-600 kg/m 2 /s and heat flux ranging 0.25-12 W/cm 2 . Ohta examined bubbly, slug, and annular flow regimes and, as usual, observed large variations in bubble and slug sizes with gravity level at low mass fluxes. He reported that the HTC was barely affected by the various gravity levels provided that the heat transfer was controlled by nucleate boiling (NB). He also observed that in the two-phase forced-convection heat transfer regime (TFC), where nucleate boiling was completely suppressed (convective boiling), the HTC varied significantly with gravity levels, resulting in lower values in microgravity compared with those in normal gravity. [START_REF] Celata | Flow boiling heat transfer in microgravity: Recent progress[END_REF] performed flow-boiling experiments in parabolic flight at low gravity with FC-72 using transparent test sections (Pyrex tubes with three diameters: 2.0 mm, 4.0 mm, and 6.0 mm), and collected a significant data set of HTCs in flow boiling and flow patterns at low and normal gravity. According to the investigators, low and normal gravity lead to a larger bubble size accompanied by deterioration in the heat transfer rate. The influence of gravity level on heat transfer tends to decrease as the fluid velocity increases, also depending on vapor quality. For low quality, the influence of gravity is negligible when fluid velocity is greater than 25 cm/s. For quality higher than 30%, no gravity level influence is observed independent of fluid velocity. [START_REF] Baltis | Gravity influence on heat transfer rate in flow boiling[END_REF] reported the results of a quantitative analysis of the change in HTC in subcooled FC-72 flow boiling at different gravity conditions. They analyzed data for three tube diameters (2.0, 4.0, and 6.0 mm) and reported that the HTC decreases up to 30-40% in microgravity in comparison with terrestrial gravity. The influence of mass flux and heat flux was described. When either mass flux or heat flux is increased, the influence of gravity seems to diminish. Mass flux increases lead to an increase in inertial forces, which reduce the influence of surface forces acting on bubbles and in turn reduces the influence of gravity. Increased heat flux causes the subcooled boiling flow to become more and more saturated. In saturated flow boiling, gravity shows a small influence on heat transfer.

A new technique for the measurement of heat transfer distributions was developed by [START_REF] Kim | Measurement of two-phase flow and heat transfer parameters using infrared thermometry[END_REF], who used an infrared camera to determine the temperature distribution in a multilayer consisting of a silicon substrate coated with a thin insulator. Based on a recent parabolic flight campaign, [START_REF] Narcy | Flow boiling in straight heated tube under normal gravity and microgravity conditions[END_REF] pointed out that in the nucleated boiling regime at low quality, the HTC is smaller in microgravity. [START_REF] Narcy | Flow boiling in straight heated tube under normal gravity and microgravity conditions[END_REF] reported heat transfer measurements in flow boiling for mass flux G = 50-400 kg/m 2 /s and wall heat fluxes q equal to 1, 2, and 4 W/cm 2 . Figure 9 plots HTC versus quality for two mass fluxes and a wall heat flux q = 2W/cm 2 . At G = 200 kg/m 2 /s, the HTCs are similar in 1-g and in 0-g except at low qualities (x < 0.15) in the subcooled boiling regime corresponding to bubbly and slug flow. At higher qualities, they do not depend on gravity and increase with quality. An annular flow regime is observed; the bubble nucleation in the liquid film disappears, and heat transfer is due to evaporation of the liquid film. At a lower mass flux G = 50 kg/m 2 /s, HTC is always lower in 0-g than in 1-g, even for quality higher than 0.15 corresponding to annular flow. The evolution of HTC with quality is smaller than for higher mass flux. This evolution is characteristic of the persistence of a nucleate boiling regime also in annular flow. The experimental results were compared to two correlations. Kim and Mudawar (2013) took into account the contribution of nucleate and convective boiling in their evaluation of the HTC:

h = h 2 nb + h 2 cb with h nb = h l 2345Bo 0.7 P P crit 0.38 (1 -x) -0.51 and h cb = h l 5.2Bo 0.08 We -0.54 lo +3.5 1 X 0.94 ρ V ρ L 0.25 (8) 
where Bo is a boiling number, Bo= q/Gh LV ; h l is the single-phase flow HTC calculated with the Dittus-Boelter correlation using superficial liquid velocity; and We lo is a Weber number for single-phase liquid flow. This correlation is in good agreement with experimental data at low mass flux in normal gravity, where both nucleate boiling and convective boiling play a significant role. Equation ( 8) seems to overestimate HTC at low quality probably because the very smooth surface of the sapphire tube limits the nucleate boiling contribution in this experiment. For high quality and high mass flux, dominated by two-phase forced convection, Eq. ( 8) underestimates HTC.

The experimental results are also compared to the model of [START_REF] Cioncolini | Algebraic turbulence modeling in adiabatic and evaporation annular two-phase flow[END_REF] predicting the HTC for an evaporating turbulent liquid film:

h = λ L δ 0.0776 δu * ν L 0.9 Pr 0.52 L with u * = τ W ρ L (9)
where conditions. The good agreement between the experiments and the model confirms the dominant role of two-phase forced convection in heat transfer on these experimental flow parameter ranges. [START_REF] Ohta | Boiling experiments under microgravity conditions[END_REF] reported new measurements taken at low mass flux, G = 40 and 60 kg/m 2 /s for heat flux up to 1.8 W/cm 2 . At such low values, nucleate boiling remains in annular flow (NBA regime). The HTC is independent of quality up to the critical heat flux, increases with wall heat flux, and is independent of mass flux and gravity level. Ohta and Baba provide a useful summary table of the observed heat transfer mode versus mass flux, quality, and heat flux as well as the possible effect of gravity.

Based on the findings of [START_REF] Ohta | Microgravity heat transfer in flow boiling[END_REF], [START_REF] Celata | Flow boiling heat transfer in microgravity: Recent progress[END_REF], [START_REF] Baltis | Gravity influence on heat transfer rate in flow boiling[END_REF]Narcy et al. (2014a), [START_REF] Ohta | Boiling experiments under microgravity conditions[END_REF] summary table of heat transfer modes is redrawn in Fig. 11. At low quality values in the subcooled boiling regime, nucleate boiling is observed in bubbly and slug flows for very low to high mass fluxes. According to [START_REF] Baltis | Gravity influence on heat transfer rate in flow boiling[END_REF] and Narcy et al. (2014a), this regime is sensitive to gravity. For high mass fluxes, the effect of gravity disappears. At high quality, in all of the aforementioned studies, heat transfer is not affected by gravity except at very low mass fluxes. For moderate quality and low mass flux, [START_REF] Ohta | Microgravity heat transfer in flow boiling[END_REF] and Narcy et al. (2014a) found significant heat transfer decreases in microgravity. At very low mass fluxes, they observed nucleate boiling in the annular flow regime at moderate and high qualities. In these regimes, a decrease in HTC in microgravity was observed. In Fig. 11, the color areas show the regimes where gravity affects HTC. On the basis of Fig. 11, future experiments in microgravity should focus on low mass fluxes to confirm the first observed trends. This is the objective of future flow boiling experiments aboard the International Space Station in the Japanese KIBO experiment module. Experiments will be performed in a 4-mm-diameter copper or glass tube with internal gold coating, using FC-72 [START_REF] Baba | Proposal of experimental setup on boiling two-phase flow on-orbit experiments onboard Japanese experiment module "KIBO[END_REF].

CONCLUSION

Two-phase flows under microgravity have been studied primarily in air-water mixtures, and many data on flow pattern, pressure drop, and void fraction exist. Research on flow boiling in microgravity is more recent, and the data reported mainly concern flow pattern and heat transfer. In adiabatic and boiling flows, the same flow patterns are observed in vertical 1-g upward flow and in microgravity conditions: bubbly flow, slug/transition flow, and annular flow. The transition between bubbly and slug flow is reached for a higher void fraction in flow boiling than for adiabatic flows because of shorter test sections and smaller bubbles nucleated on the wall. Because wall friction and wall heat transfer are very sensitive to flow pattern, particular attention has been paid to determining flow pattern transitions. The results of recent experiments by [START_REF] Narcy | Flow boiling under microgravity conditions: Comparative study of two experimental data sets[END_REF] on flow boiling in a tube under normal and microgravity conditions were described and compared with other experiments and models or correlations from the literature. In bubbly and slug flow, gas velocity is well predicted by the drift flux model. These flow patterns correspond to subcooled boiling regimes dominated by nucleate boiling. Wall heat transfer increases with wall heat flux and is much smaller in microgravity than in 1-g upward flow. In the annular flow regime in saturated boiling, bubble nucleation at the wall disappears except at very low mass flux (G < 80 kg/m 2 /s). In this regime, liquid film thickness, determined from void fraction measurements, is significantly larger in 1-g than in 0-g. Wall shear stress is well predicted by the classical correlations of Lockhart and Martinelli. Thanks to simultaneous measurements of pressure drop and void fraction, original data on interfacial shear stress have been obtained. Interfacial shear stress is much lower in 0-g than in 1-g, especially at low mass fluxes. In annular flow, when bubble nucleation disappears, heat transfer is controlled by forced convection through the evaporating liquid film, and HTC is well predicted by the [START_REF] Cioncolini | Algebraic turbulence modeling in adiabatic and evaporation annular two-phase flow[END_REF] model.

Experiments for very low mass fluxes (G < 80 kg/m 2 /s) were carried out by [START_REF] Ohta | Boiling experiments under microgravity conditions[END_REF] and [START_REF] Narcy | Flow boiling in straight heated tube under normal gravity and microgravity conditions[END_REF]. The results need to be confirmed by future experiments, some of which will be conducted in the Japanese experiment module KIBO aboard the International Space Station. These experiments will gather data at very low mass flux without g-jitter perturbation as in parabolic flight experiments and at the long duration required to reach thermal equilibrium, especially with metal tubes.

FIG. 1 :

 1 FIG. 1: Flow visualizations of boiling HFE-7000 in a 6-mm-diameter tube (Narcy, 2014): (a) bubbly flow: G = 61 kg/s/m 2 , ∆T sub = 11 • C, q = 1.1 W/cm 2 ; (b) transition bubbly-slug flow: G = 50 kg/s/m 2 , ∆T sub = 9 • C, q = 2 W/cm 2 ; (c) slug flow: G = 202 kg/s/m 2 , ∆T sub = 4 • C, q = 1.1 W/cm 2 ; (d) transition slug-annular flow: G = 50 kg/s/m 2 , ∆T sub = 5 • C, q = 2 W/cm 2 ; (e) annular flow: G = 88 kg/s/m 2 , x = 0.20, q = 2.2 W/cm 2 .
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 4 FIG. 4: Void fraction in saturated boiling according to vapor quality in 1-g (closed symbols) and 0-g (open symbols), compared with the model proposed by Cioncolini and Thome (2012a).

  FIG. 5: Film thickness in annular flow according to vapor quality in 1-g (closed symbols) and 0-g (open symbols).

FIG. 6 :

 6 FIG. 6:Experimental two-phase multiplier according to the Martinelli parameter for 1-g (closed symbols) and 0-g (open symbols), compared with two correlations proposed by[START_REF] Lockhart | Proposed correlation of data for isothermal two-phase two-component flow in pipes[END_REF].

FIG. 7 :

 7 FIG. 7: Dimensionless interfacial friction factor versus vapor Reynolds number in 1-g (closed symbols) and in 0-g (open symbols).

  FIG. 8:Ratio of interfacial friction factors in 1-g and 0-g.

FIG. 9 :

 9 FIG. 9:Experimental HTCs as a function of quality for q = 2W/cm 2 in 1-g (closed symbols) and 0-g (open symbols), compared with the correlations of[START_REF] Kim | Universal approach to predict saturated boiling heat transfer in mini/micro-channels -part II -Twophase heat transfer coefficient[END_REF] and[START_REF] Cioncolini | Algebraic turbulence modeling in adiabatic and evaporation annular two-phase flow[END_REF].

  FIG. 10: Comparison of the predicted HTC value from the Cioncolini and Thome model (2011) and the experimental values in 1-g (closed symbols) and 0-g (open symbols).

FIG. 11 :

 11 FIG. 11: Summary table for the HTC (modified from[START_REF] Ohta | Boiling experiments under microgravity conditions[END_REF]. NB: nucleate boiling, NBA: nucleate boiling in annular flow, TFC: Two-phase forced convection.
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