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Resumo

Esta tese apresenta o estudo da modelisagdo de escoamentos difasicos durante o arrefecimento
rapido de motores de foguetdo criogénicos em microgravidade. E apresentada uma revisio bibliografica
completa de todas as experiéncias feitas nesta area até a data, que permite perceber a escassez de
dados e de modelos que expliguem correctamente os fendémenos fisicos que acontecem. Assim sendo,
este trabalho apresenta resultados experimentais obtidos a partir do arrefecimento de um tubo de aco
inoxidavel usando HFE7100 como liquido refrigerante. E estudado o impacto do nivel de gravidade, do
débito de massa e do sub-arrefecimento do liquido no regime de ebulicdo em filme, na temperatura de
Leidenfrost, no fluxo de calor critico e no regime de ebulicio nucleada. E ainda proposta uma correlagéo
para o regime de ebulicdo em filme, validada usando os dados de experiéncias com HFE7100 e também

com azoto liquido, aplicavel tanto em gravidade normal como em microgravidade.

Keywords: arrefecimento rapido, ebulicao em filme, temperatura de Leidenfrost, velocidade de

re-humedecimento, fluxo de calor critico, regime de ebuligdo nucleada, microgravidade
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Abstract

This master’s thesis presents a study of the modelling of liquid-vapour flows during the chill down
of rocket engines by cryogenic fluid in microgravity. A thorough literature review on reduced gravity
quenching experiments is presented, showing the scarcity of experimental data and accurate models.
Experimental results obtained with the quenching of a stainless steel tube by HFE7100 are presented.
The impact of gravity level and flow mass flux and subcooling on film boiling, rewetting temperature,
critical heat flux and nucleate boiling is investigated. A correlation for the film boiling regime is presented,

validated for HFE7100 and LN2, for terrestrial and microgravity conditions.

Keywords: guenching, film boiling, rewetting temperature, rewetting velocity, critical heat flux,

nucleate boiling, microgravity
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Chapter 1

Introduction

1.1 Motivation

Since the 1960s, cryogenic engines have been used for their high efficiency. This type of engines
has been used in Ariane launchers for decades, especially in the upper stages, which means that they

are responsible for correctly inserting the payload in orbit.

In particular, Ariane 5 ES (Evolution Storable) is equipped with an upgraded storable propellant stage,
allowing re-ignition and long coast phases [1]. Moreover, the upper stage of the upcoming Ariane 6 is
powered by the re-ignitable Vinci engine [2]. Furthermore, during the re-ignition phases of the cryogenic
engines, it is necessary to chilldown the supply pipes and the turbopumps beforehand. To do so, the
cryogenic propellants are injected into the tubes which are at a temperature close to 300K. Since the
cryogenic liquids used as fuels in space applications must be free of vapour, being able to predict when
a certain tube subjected to a particular set of flow conditions has been sufficiently cooled down, so that

the propellant can flow through it without phase-changing, is a critical safety concern.

From a mission point of view, it is important to have an accurate estimation of the time that this
chilldown process takes, along with the mass of propellant necessary. Since the liquid used to cool
down the tubes is not re-used for combustion purposes, an accurate model of the chilldown process

allows to reduce the quantity of propellant wasted.

Moreover, in the future of space activity it will be important to have the capability of refuelling space-
craft in-orbit. This idea has already been studied and some well-thought projects exist in paper, such
as the OTV Network System [3]. However, for this to be possible, a good knowledge and understand-
ing of the two-phase flow characteristics of cryogenic fluids is paramount, seeing that the transfer lines

between storage tanks would also need to be cooled down.

In both cases, one fundamental aspect that makes the modelling of the chilldown process more
complex is the fact that it happens in weightless conditions. In fact, there is very little data in literature
regarding two-phase flow heat transfer in microgravity, which is why the work developed presented in

this thesis is useful.



1.2 Topic Overview

The research about flow heat transfer under microgravity conditions started in the 1960’s due to the
rapid growth of the space industry and the need to understand how fluids behave in low gravity. Initially,
the research was mainly focused in the pool boiling mechanisms, but since then a considerable amount
of research has also been conducted on flow patterns and flow maps for adiabatic two-phase flow, that
made possible the refinement of the boiling models. However, low gravity flow boiling, unlike pool boiling
and adiabatic two-phase flow, has not received much attention in the past mainly due to the fact that it is,
by far, the more complex of the three phenomena. In addition, thorough understanding of pool boiling is
a necessary initial step in analysing flow boiling since it constitutes a fundamental element of the latter.

There are four platforms where microgravity experiments can be performed. The terrestrial-based
options include sounding rockets, parabolic flights and drop towers. Then, there is also the possibility of
performing the experiments in International Space Station (ISS).

First, drop towers are the least expensive option, are easy to use and offer the best microgravity
levels among the three terrestrial-based options. Moreover, they can be operated on a daily basis and
allow the experiment hardware to be changed at short notice and the experiment set-up to be adjusted
or improved between drops [4]. However, its use is not suitable for all kinds of experiments since it
only offers a few seconds of microgravity per trial (10 seconds maximum), which may not be enough to
complete an experiment. On the other hand, parabolic flights are also relatively easy to use and have
the advantage of offering longer microgravity periods (around 20 seconds) and allowing the intervention
of researchers during the experience. Nevertheless, the cost is higher and the flights need to be booked
a few months in advance.

In order to increase the microgravity period to a few minutes, sounding rockets can be used to
perform the experiment. Despite this great advantage, the cost is even higher than for parabolic flights
and it takes a few years to design and implement the experiment on the rocket. Moreover, once its
launched, the researchers have little possibility to intervene. Finally, long weightlessness periods can
be obtained by performing the experiments in the ISS. Not only the microgravity level is very low, but the
astronauts can intervene in the experiments if necessary. Nevertheless, sending an experiment to the
ISS is a very expensive and complex process, which may take years between the experiment design
and its implementation. During the experiment, the data are downloaded by telemetry but the payload
does not always return to Earth. All in all, the longer the microgravity period, the higher the cost and
time required to perform the experiment.

Considering the small number of experiments ever performed to gather data about the flow boiling
heat transfer during the chilldown process under microgravity conditions, it is possible to name and
briefly describe each of them, in order to assess the results obtained and later compare to the results
from this thesis.

To the best of my knowledge, the first experiment ever on this topic was conducted by Antar et.
al [5] in 1990 using parabolic flights. Two experimental apparatuses were employed, one for studying

subcooled liquid boiling and the other for examining saturated liquid boiling. For the saturated experi-



ments, liquid nitrogen was used while Freon 113 was used for the subcooled experiments. The boiling
phenomenon was investigated in both cases using flow visualisation techniques and by recording wall
temperatures. It was found that the dispersed flow region, which is in between the fully vapour and the
annular flow regions, appear to be influenced the greatest by the gravity field. In microgravity, the liquid
droplets are very large and their shapes are nonuniform, varying from spherical to long meandering
threads. On the other hand, in normal gravity the droplets are spherical in shape and small, flowing
along the wall of the tube. It was concluded that this variation in the dispersed flow region may lead to

diminishing heat flux in low gravity environment between the wall of the tube and the fluid.

Later in 1991, a master thesis on this topic was published by Sathasivam [6]. This experiment
analysed the flow boiling in microgravity of saturated liquid nitrogen, and provided qualitative data thanks
to the record of the flow boiling patter on film. Once again, the microgravity environment was simulated

via parabolic flights.

In 1993, a PhD thesis published by Misawa [7] analysed flow boiling of saturated and subcooled
Freon 113 under microgravity conditions, using both a drop tower and parabolic flights. Quantitative
measurements were taken, and it was shown that the reduced gravity environment affected the sub-
cooled two-phase heat transfer by increasing the void fraction and the stagnation of coalesced bubbles.

Overall, it was concluded that the heat transfer coefficient was reduced under microgravity conditions.

In 1995, Adham-Khodaparast et al. [8] reported a series of experiments on flow quenching of a hot
flat surface by Freon 113 using parabolic flights. During film boiling, heat transfer from the hot surface
to the flowing liquid was found to be reduced under microgravity compared to normal gravity conditions
due to the thickening of the vapour layer. In addition, the wall superheat and the surface heat flux at
the onset of rewetting and the maximum heat flux during quenching of the hot surface were found to
increase with the inlet liquid subcooling, mass flux and gravity level. Finally, it was concluded that the

effect of microgravity was more important for low flow rates and decreased at high flow rates.

In the same year, Westbye et al. [9] also used Freon 113 to study the quenching of an initially hot,
thin-walled stainless tube by injection of a subcooled liquid under microgravity conditions. The data
collected were also compared with quenching tests performed under normal gravity conditions. It was
found that the rewetting temperatures were around 20°C lower and that the film boiling heat transfer
coefficients decreased between 50 to 80 percent when compared to the results from the normal gravity
experiments. This meant that the time to complete the tube quenching process was greatly extended in
microgravity. It was also reported a slight increase in the rewetting velocity (the propagation velocity of
the quench front) in microgravity. Furthermore, the boiling curves showed that both the nucleate and the
transition boiling curves were shifted to lower wall superheats due to the lower rewetting temperature.
Apart from that difference, the heat flux profiles of those boiling regimes were similar to the ones from
the 1g results, indicating that these regimes are little affected by the reduction in gravity intensity.

In 1998, Xu [10] conducted experiments by injecting liquid R-113 and PF5060 into an initially dry,
heated channel, which was 40 mm wide, 5 mm high and 200 mm long, on the ground and in reduced
gravity conditions. It was reported that the boiling curves shifted to higher wall superheats with increasing

liquid subcooling and gravity level. The boiling curves for R-113 were obtained in a higher wall superheat



range compared to those for PF5060, because of higher rewetting temperature for R-113 than that for
PF5060. In addition, the quench velocity and the rewetting temperature decreased for R-113 but only
showed very slight decrease for PF5060 in reduced gravity. It was concluded that the quench velocity
and rewetting temperature for R-113 were higher than those for PF5060 mainly due to a higher latent
heat, higher surface tension and a smaller vapour density for R-113. Furthermore, the maximum heat
flux increased with increasing flow rate, but decreased with reduction in inlet liquid subcooling and gravity

level except for R-113 at high flow rates.

In 2007, Kawanami et al. [11] published their study on the heat transfer during tube quenching under
microgravity conditions, using liquid nitrogen as the working fluid. The experiments were conducted at
the Japan Microgravity Center (JAMIC) in the world’s largest drop shaft at the time, capable of producing
a weightless environment with a duration of about 10 seconds. Not only the tube was transparent to
allow the visualisation of the fluid behaviour, but simultaneous measurements of the thermal character-
istics and quench front velocity were also successfully carried out. Unlike previous experiments, it was
reported an increase in the heat transfer coefficient in microgravity. On the other hand, it was reported
a quench front velocity increase. This increase in heat transfer coefficient and quench front velocity is
as high as 20 percent, and its magnitude decreases with increasing mass flow. It was concluded from
these results that the increase in the heat transfer under microgravity conditions is a consequence of the

increase in the quench front velocity.

One year later, Yuan et al. [12] published the results of their research aimed at the fundamental
understanding of the cryogenic chilldown phenomena inside a pipe in terrestrial gravity and microgravity.
The test section used was a Pyrex glass tube and the microgravity environment was simulated by using
a 1.7-second drop tower. Flow patterns and wall temperature history during the chilldown were obtained
for a range of different flow rates. Moreover, the wall temperature histories were measured at three
downstream locations. It was found that the terrestrial chilldown process is divided into three stages
based on the temperature of the tube wall. These stages are film boiling, nucleate boiling and single-
phase convection, which carries a close similarity to the pool boiling mechanisms. It is reported that,
in general, the cooling rate of the tube wall is proportional to the mass flow rate of the quenching flow.
In microgravity, there is no stratified flow and the heat transfer from the wall is significantly reduced due
to the fact that the absence of buoyancy force in a microgravity environment results in a flow with liquid
filaments in the central core and with a low thermal conductivity vapour layer near the wall. Thus, it is

concluded that the flow is axisymmetric and that the chilldown process is longer in microgravity.

In 2009, Celata et al. [13] studied the rewetting phenomenon by carrying out quenching tests at
normal gravity and in parabolic flights with a vertical test section with liquid flowing upwards, using a test
tube made of Pyrex with a diameter of 6.0 mm and using FC-72 as the working fluid. Measurements
included wall temperature along the flow channel, inlet and outlet temperature, pressure and mass flow-
rate. It was reported a significant decrease of the quenching velocity at reduced gravity, presenting
values in the range of 5-7 mm/s, much lower than the values obtained at terrestrial gravity under the
same conditions. It is also reported that the rewetting temperature is not affected by the gravity level
and that it shows a slight reduction for the higher mass flow rate test cases. Finally, considering the



fact that the tests were performed at a constant inlet liquid subcooling (25 °C), it is stated that the mass
flow rate has a significant influence on the structure and on the behaviour of the liquid core during the
inverted annular flow regime. In fact, for low mass flow rates, the liquid core is found to be irregular and
continuously formed and disrupted during the cooling process, while for higher mass flow rates the liquid
core is more stable and regular.

In 2016, Darr et al. [14] studied the effect of reduced gravity on cryogenic nitrogen boiling and pipe
chilldown. To do so, heat transfer data were obtained from flowing LN2 through a stainless steel tube,
both under normal gravity and microgravity conditions using parabolic flights to simulate the reduced
gravity. It was reported that film boiling heat transfer was lessened by up to 25% in reduced gravity,
resulting in longer time and more liquid to quench the pipe to liquid temperatures. Furthermore, the heat
transfer was enhanced by increasing the flow rate, and the differences between reduced and terrestrial
gravity diminished at high flow rates.

In 2019, Kinefuchi et al. [15] conducted an experiment under low gravity during the ballistic phase
of an S-310-43 sounding rocket. In order to understand the physics of cryogenic chilldown in rocket
engine turbopumps with low flow rate and low gravity, the test sections simulated the bearing room of
a liquid oxygen turbopump, each of which has a complex flowpath including slits and a dead end. The
working fluid was LN2 and the experiment was performed using two mass flow rates, 1.0 and 0.5 g/s.
Then, the flight experiment data were compared to the ground data, revealing that the slits played an
important role in the chilldown process and that the test sections were chilled down faster under low
gravity. It was reported that the slits of the test sections formed liquid jets, and their behaviours were
different from those in the ground experiment. Under microgravity conditions, the jets easily reached
the dead end of the test sections and cooled down the whole walls due to the increase in inertia and
wettability. Contrary to what was found in the precedent studies, heat transfer deterioration due to the
bubble stagnation, bubble coalescence, or thick vapour film on the walls was never observed. In the
ground experiment, the jets from the slits spread into droplets, which hardly arrived at the dead end. It
is concluded that the dead end, which needs to be chilled down in the actual turbopump, it is easier to

cool down in microgravity than in normal gravity conditions.

1.3 Objectives and Deliverables

The objective of the internship was to carry out a thorough research of recent studies on the tran-
sient boiling regimes observed during chilldown, especially under microgravity conditions. In particular,
special focus was given to the theoretical modelling of the film boiling regime, since it is the regime that
impacts the most the duration of the chilling process. Hence, a theoretical model coupled with the heat
transfers in the tube wall was developed and validated using the data obtained in the scope of the PhD
thesis of Brian Verthier [16], who designed and built at IMFT an experiment to study the chilldown pro-
cess under microgravity conditions using a refrigerant fluid. Furthermore, an analysis was conducted in
parallel to discuss the extrapolation of the proposed model to cryogenic fluids, using data found in the

literature review.



1.4 Thesis Outline

The outline of the master’s thesis is as follows: first a brief introduction on the importance of an
accurate modelling of the chilldown process is made, followed by a presentation of all the studies done
so far on the topic of chilldown under microgravity conditions. The main conclusions of those studies
are presented in order to compare them with our own conclusions later. Next, the background section
introduces the fundamental physics of the boiling curve, and offers an overview of the existing models
and correlations for each boiling regime. Then, the experimental apparatus built during Verthier's PhD
and its main components are described. The data processing required to obtain useful data from the
experiment’s sensors is also detailed. Afterwards, the results obtained are presented. Firstly, a paramet-
ric presentation of the results is made, followed by the results in modelling accurately the boiling curve.
Finally, the conclusions of the work are presented along with some ideas for future work to be done in

this area of research.



Chapter 2

Background

2.1 Theoretical Overview

2.1.1 Boiling Curve

Figure 2.1 illustrates the typical boiling curve for saturated water, initially plotted by Nukiyama [17],
showing the heat flux as a function of the wall superheat, which is the difference in temperature between
wall and fluid. This curve can be traversed from left to right (heating) or vice-versa (quenching), de-
pending on the relative temperature difference between fluid and wall and the imposed method of wall
heat flux. Moreover, it is possible to observe three different boiling regimes, namely: film boiling (FB),
transition boiling (TB), and nucleate boiling (NB). These regimes are separated by three critical points,
the Leidenfrost Point, LFP (point C), the Critical Heat Flux, CHF (point B), and the onset of nucleate
boiling, ONB (point A).

In the quenching or chilldown configuration, the curve is traversed from right to left. Chilldown begins
in the vapour film boiling regime due to the rapid evaporation of the liquid in the immediate vicinity
of the wall at high temperature. Depending on the local conditions (inlet pressure, quality, mass flux,
and degree of subcooling), the flow will proceed into dispersed flow film boiling (higher quality, low
subcooling, and low mass flux) or inverted annular film boiling (IAFB) (low quality, high subcooling, and
high mass flux). The latter is the one observed in our case. Film boiling is the least efficient regime
regarding the transfer of energy from the wall, for the fact that a film of vapour fully covers its surface,
forming an insulating layer due to the low thermal conductivity of vapour, therefore decreasing the heat
transfer coefficient.

As the transfer line cools down, the system approaches the LFP, or rewetting temperature, where the
heat flux reaches its minimum due to the existence of the insulating vapour layer combined with low wall
superheat. The flow then proceeds and passes quickly through TB, characterised by intermittent contact
between the liquid and the wall. This regime ends when the liquid is in full contact with the wall, at the
point of CHF, where the heat transfer coefficient reaches its maximum value due to the highly efficient
cooling process of boiling liquid through use of sensible and latent energy, and since the insulating

vapour layer is not present anymore.
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Figure 2.1: Boiling curve for saturated water.

Following is nucleate boiling regime, where heat is generated by vapour bubbles formed in surface
cavities that are swept away from the wall surface. As the wall cools further, the system approaches the
ONB, defined as the point at which the system progresses from nucleate two-phase cooling to single-
phase liquid convection. Vapour-free liquid marks the end of the chilldown test.

This boiling curve is similar for the heating and quenching configurations. However, the value of the

CHF can largely differ and a strong hysteresis may be observed in the nucleate boiling regime.

2.2 Models & correlations from the literature

2.2.1 Film boiling

Nusselt’s model
One of the more classic approaches to describe the heat transfer in film boiling is an adaptation of
the Nusselt model [18]. This model was built to predict wall heat transfer during the condensation of a

liquid film falling along a vertical wall, but it has been transposed to the film boiling case by inverting the



properties of liquid and vapour, as it can be seen in the work of Carey [19].

The model considers the development of a vapour film along an infinite vertical wall without the
presence of flow other than the rise of the vapour by the hydrostatic pressure gradient generated by
gravity. It is assumed that the heat exchange takes place only by conduction through the thin vapour film
which allows to define the purely conductive exchange coefficient h(z) = A, /6(z). The aim of this model
is therefore to estimate the thickness 4(z) of the vapour film in order to obtain this exchange coefficient.

The starting point is to consider the balance of momentum in the vapour phase whose physical
properties are considered constant (Equation 2.1). The pressure gradient %;Z) is hydrostatic in the liquid
phase, and the model assumes the pressure to be equal in both phases. In the case of a vertical test

section and an ascending flow g = 9.81m/s>.

Ouy 0
Do ( 5 + quuU> = fa—z + Mv%v — Pvg (2.1)

Neglecting the inertia terms, represented by the left side of equation 2.1 and assuming zero shear
at the interface, the velocity profile is parabolic. Hence, we obtain equation 2.2 where z is the distance

from the start of film boiling.

Uy (2) = ‘”Mf”)g <25 - Z;) (2.2)

By integrating this profile over the thickness of the film, we can obtain the mass flow rate of vapour,
m,. Through an energy balance, it is possible to relate the variation of the mass flow rate to the heat
flux through the wall, ¢,,. If we assume that the flow is purely conductive through the thickness 4, the
variation in vapour mass flow as a function of the thickness of the film can be obtained according to the
equation 2.3.

Ty — T 7
g = 2o Tear) _ ppy O 23)
1) YOz
Since the mass flow rate is related to the speed profile and therefore to the thickness of the film, the

exchange coefficient can be expressed analytically at a distance z from the rewetting point according to

the equation 2.4.

A3 pu(pr = po)gAhy,
Z My (Cru; - Tsat)

h(z) = (2.4)

This model also allows for the consideration of the vapour superheating, by averaging the tempera-
ture of the vapour layer between the wall the saturated interface between the liquid and vapour phases.
Thus, the effective latent heat #; , is a modified form taking this energy into account. In the same way we
can take into account a subcooling of the liquid by adding the energy necessary to heat the vaporised

liquid to saturation.

Ah;,v = Ahl,v + 04va(Tw - Tsat) + Cpl(Tsat - iz—‘l) (25)
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To this local conductive exchange coefficient, it would be advisable to add the energy emitted to
the fluid by the wall through radiation. However, in the present study the superheats are relatively low,

making this impact negligible.

Integral forms of the Nusselt’s model

In order to be able to predict the film boiling averaged over a surface, many studies have been based
on the model presented above, by integrating it on the geometry considered.

One of the first studies was made by Bromley [20], who integrated this local form for the case of
horizontal cylinders in a fluid at rest. The integration around the cylinder involved its diameter D, as
well as a constant of 0.62. He validated the expression obtained on experiments carried out with water,
benzene, pentane, liquid nitrogen, and ethylene.

1/4
X po(p1 — po)gAhy,

D,uv (Tw - Tsat)

h = 0.62 (2.6)

Klimenko [21] proposed another modification of equation 2.6 to take into account the Rayleigh-Taylor
instability. He establishes several forms of the same law by adjusting the powers and empirical constants
involved in the law according to the laminar or turbulent nature of the flow and overheating of the wall.
In our case, i.e. for a turbulent vapour film and relatively low wall superheating, the correlation can be

written:

A [Li’p%g pr— pv] bz [qupv] /3 [va(Tw . Tsat):l /3 27)

h=071C2
D 0 Pv Ay Ahy

where L. = 2« /m, and C is a constant which varies according to the fluid used in the experi-
ment. Klimenko [21] suggested a value of 0.0086 for water, and Ramilison and Lienhard [22] proposed
values of 0.0057 for R-113, 0.0066 for acetone and 0.0154 for benzene. Considering that the correct
value for HFE7100 is unknown, the value for R-113 is used because among the various liquids, it is

thought to be the one with more similarities with our working fluid.

Bromley’s model

The models presented above were built for non-convective cases. This is taken into account from
the start in Nusselt’s model, assuming zero shear at the interface (r; = 0).

Bromley et al. [23] proposed a modification for cylinders quenched at a velocity V; normal to the axis
in order to take this convection into account. He resumed the approach taken by Nusselt by adding an
interfacial shear due to the convection of the liquid. The law obtained then combines the impact of the
density difference on the hydrostatic pressure gradient and forced convection as can be seen in equation
2.8.

2.8
4D,va (Tw - Tsat) D(Tw - Tsat) 02 ( )

A3 pu(p1 — pu)gAh] 3h2Vi\ypuoh) w2
h— 088< vP (Pl p )g l,v 1A\ o™ )

In his model, Bromley postulated that the heat transfer between the wall and the flow happened

10



primarily by conduction through the vapour film. He considered that the transfers were made only on the

upstream part of the cylinder, before the separation of the vapour layer, which is located at an angle 6.

Considering that the experiment being studied in this work is more similar to a flow tangent to a plane
plate than a flow normal to a cylinder, Brian Verthier [16] proposed a modified version of the equation

2.8 by adjusting the constant translating the forced convection:

X2 pu(p1 — pu)gAR) 5h2Vi Ay puOh),
h:088< P (pl P )g l,v 1Avp l,v) (29)

4D/14v (Tw - Tsat) 3D(Tw - Tsat)

This correction was validated with the experimental data that is being used in this work, and it corre-
lates well with the data. In spite of being a correction for the case of a flow tangent to a plane plate, the

diameter of the cylinder stills play a role in the formula.

To solve this incoherence, it was decided that the best solution was to apply the Bromley’s model to
our specific case instead of changing the constant in the previously existing correlations. After search-
ing in the literature for the application of the Bromley’s model to a plane plate and not finding it, the

demonstration can be found in Appendix A. The formula found was the following:

2

3/4 1/4 3 _ . 2 x 11/4
h:<4) <1> {Avm(m po)ghi, | WPurdvpuhi, (2.10)

3 TN LyefAT

Using the quadratic formula, the equation can be developed further so that the heat transfer coeffi-

cient can be found explicitly:

1/2
4 ur Ay puhy,

3\/3 Lref AT

heo = (2.11)

9 Ao(p1 — po)gLyer AT
N (ngp)g*f
16 uLID”:u‘UhlU

The best value for L,.; was found to be around 0.012 m for experiments in microgravity conditions
and 0.036 m for terrestrial conditions, based on the experimental results from our experiment. It was also
validated for the results of the experiment using liquid nitrogen under microgravity conditions conducted
by Darr et al. [24]. Considering that this is not a local method, i.e., the heat flux obtained is an average of
the heat flux along the distance L., in physical terms this length is thought to be the distance between
the rewetting point and another point in the wall that can be used to obtain a representative value of heat

flux along the wall.

Correlation for cryogenic fluids by Darr et al. [25]

Following their recent experiments in normal gravity and microgravity conditions using liquid nitrogen,
Darr et al. [25] presented the following correlation for the film boiling regime, which is composed of three
factors: buoyancy effects at low flow, forced convection at medium to high flows, and droplet heat transfer

at high flows:
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—c p'u(pl - pv)ghl,UAg
! 4L/~Lv (Tw - Tsat)

+ co

D 0.7 A
v o c3 cq 0.4
1+(L—|—0.1D> ] <D>(1 Te)® Rey' Pry

)\l L o cr —1
+cs ) ) We/" Ja, (2.12)

where the coefficient c1 in the first term accounts for different flow directions; the second term was
constructed from the Dittus—Boelter equation, multiplied by the two-phase multiplier that accounts for
the speed of the vapour layer; and the third term correlates with data at high flow rates by using Weber
(We) and Jakob (Ja) numbers. The values of the coefficients for the different scenarios, i.e., upwards

flow, horizontal flow, downwards flow and microgravity can be found in the article cited.

2.2.2 Rewetting temperature

This section summarises the most commonly used models and correlations to calculate the rewetting
temperature, i.e, the minimum film boiling temperature or Leidenfrost temperature. The existing models
can be divided into several groups according to the mechanisms that trigger the rewetting process, as it
was done by Bernardin and Mudawar [26] and Carey [19].

In classical thermodynamics, phase transitions for simple compressible substances are treated as
quasi-equilibrium events at conditions corresponding to the saturation state. Between the saturated
liquid and saturated vapour states exists a two-phase region where liquid and vapour coexist. Within
this region, the temperature and pressure of the two phases must be constant, and the Gibbs function,
chemical potential, and fugacity of each phase must be equal. In real-phase transformations, deviations
from classical thermodynamics occur under non-equilibrium conditions, such as the superheating of a
liquid above its boiling point. These non-equilibrium or metastable states are of practical interest and

are important in determining limits or boundaries of real systems.

Isotherm .
P Saturation
curve
Metastable
liquid-
mechanical Metastable
stability Unstable Vapor :l?nuég(;
region spinodal -
? P stability
Liquid Spinodal
v Homogeneous nucleation
(a) Metastable liquid: mechanical stability (b) Metastable liquid: kinetic stability

Figure 2.2: Metastability models. (source: Bernardin and Mudawar [26])

On the pressure-volume diagram in 2.2, it is possible to observe the superheated liquid and super-
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cooled vapour regions separated by an unstable region. The lines separating these regions are referred
to as the liquid and vapour spinodals, which represent the maximum superheating and supercooling

limits. Two different approaches have been used in the literature to predict the superheat limit.

Hydrodynamic instability of the liquid-vapour interface

The first mechanism is based on the hypothesis that Taylor wave motion ease the release of vapour
bubbles from the vapour film near the wall, and that the Leidenfrost temperature corresponds to the point
with lowest heat flux that can maintain the vapour release mechanism without the formation of waves
that can lead to the contact between the liquid and the wall.

In 1950, Taylor [27] used the assumptions of potential flow and sinusoidal disturbance between two
fluids of different densities where the denser one is on top, along with a first-order perturbation analysis
to demonstrate that gravity induced interfacial disturbances with wavelengths given by 2.13 are most

likely to be amplified and, consequently, disrupt the smooth horizontal interface.

30 1/2
Py [f} (2.13)
9(ps — pg)

Several authors have used Taylor’s hydrodynamic stability theory to describe the rewetting temper-
ature for pool boiling. In particular, Berenson [28] showed that the bubble spacing in film boiling was
hydrodynamically controlled by a Rayleigh-Taylor instability and that the presence of the correspond-
ing vapour layer and bubble departure supported film boiling by keeping the liquid from contacting the
heated surface. Berenson’s analytical expression, 2.14, to predict the minimum film pool boiling tem-
perature, T\,.:, coincides with the point at which vapour is not generated rapidly enough to sustain the

Taylor waves at the liquid-vapour interface.

pohirg [9lpr—p)1?° o 1V e e
Twet,B - Tsat = +0127 vlg |: Y :| : |::| : |:v:| (214)
Ay pL+ po g(p1 — pw) 9(pr — pw)

However, as the heat flux decreases in the film boiling regime, some partial contact between the
liquid and the wall may initially result in a slight departure from the film boiling conditions. This means
that the initial collapse of the Taylor wave action might not correspond exactly to the point where the
heat flux is minimal. To address this issue, Henry [29] developed a correction for Berenson’s model that
takes into account the effects of transient rewetting and subsequent liquid microlayer evaporation on the

Leidenfrost temperature, presented in 2.15.

Twet,H - Twet,B —0.42 kPCp|l ( hlv )
Twet,B - ﬂ kpcp|w Cp,w (Twet,B - Tsat)

This correlation was found to provide good agreement with available experimental data over a wide

0.6

(2.15)

range of conditions. Having said, it failed to predict accurately the rewetting temperatures of the ex-
periments in microgravity presented in this work. In order to improve the results, Brian Verthier [16]
proposed a correction to Henry’s formula to better fit the data for cases where the Reynolds number is
inferior to 37000:
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T’w‘Verthier - Tsat —0.068
: = 2.34Re; " 2.16
CTw,H - T@at ! ( )

Metastable Liquid — Homogeneous and Heterogeneous Nucleation

On the other hand, Yao and Henry [30] and Sakurai et al. [31] reasoned that the minimum wall
superheat in the film boiling regime is not necessarily governed by the need to sustain the Taylor wave
action, and proposed that spontaneous bubble nucleation at the liquid-solid interface is the mechanism
for the minimum pool film boiling point. Bubble nucleation can be either heterogeneous, in which the
vapour bubbles are produced within cavities at a solid-liquid interface as a result of the imperfect wetting
of the liquid, or homogeneous, where the bubble nuclei are formed completely within the liquid due to
density fluctuations over a duration of 10~ to 10~ seconds.

This mechanism is based on a mechanical stability condition described by Eberhart and Schnyders
[32] and Carey [33] for a closed system containing a pure substance which is not in thermodynamic

equilibrium, is given as:

opr
(c%)T <0 (2.17)

Using the Van der Walls equation of state, the condition of mechanical stability given by 2.17, and
the fact that P. = P/P. < 1 for most fluids at atmospheric conditions, Spiegler et al. [34] derived
the thermodynamic homogeneous nucleation temperature limit, 7};.,, that corresponds to the rewetting
temperature:

27

Twet,Spielberg = ETC (218)

Using equation 2.18 as a starting point, Semeria [35] and Baumeister and Simon [36] implemented
some modifications to take into account the subcooling of the liquid and the wall’s properties, which play

a role during the intermittent contact during the rewetting process.

27 AColi (27
Twe emeria < 7Tc L ch - T 219
b8 =3 T el (32 : (2.19)

-1
3.06x100 1751.
e »%rlw erfc <75 > >] (2.20)

27
Twet,Baumeistar =1T;+0.29 <32TC — T‘l)

VAPCP|w

Afterwards, DeSalve and Panella [37] added a term to equation 2.20 to take into account the variation

in the rewetting temperature with the flow mass flux. However, this was established for mass fluxes
G < 135.6kg/m?s, and in our case the mass flux is much higher, which makes this correlation not

suitable for our study.

27
32

-1

3.06x100 1751.

e »%lw erfc 775 0 (2.21)
VAPCP|w

TwetDeSalve = CZ-‘l +0.29 ( Tc - T‘l) (1 + 0279GO49)
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More recently, Darr et al. [25] presented a correlation especially for cryogenic fluids that is also a
variation of the initial Spielberg’s equation:
27

Twet,Darr = 372Tcr (1 + Wee? ReC3JaC4) (222)

where Jq = 2tTer—Toat) o — G*D ) ~ 0,08, ¢, = 0.01, ¢5 = 0.007 and ¢4 = 3.

fg pio’

Between these two mechanisms, hydrodynamic instability and homogeneous nucleation, the one
that requires the lowest wall temperature to establish a stable film boiling regime is the one that dictates
the rewetting temperature. For instance, cryogenic fluids normally require a relatively small level of
superheat above the normal boiling point to initiate homogeneous nucleation, therefore its Leidenfrost
temperature is dictated by the homogeneous nucleation condition, while for other fluids such as water,
hydrocarbons and liquid metals, the stability of the Taylor wave action is probably the limiting mechanism,

according to the previously quoted authors.

2.2.3 Critical heat flux

As explained in Konishi and Mudawar [38] and Bruder et al. [39], the majority of the theoretical
models to predict the CHF have been developed specifically for vertical upflow in terrestrial conditions,
which is the configuration most commonly adopted because it provides stable two-phase flow. Figure
4.20 illustrates the four main mechanisms that have been proposed to trigger flow boiling CHF: Boundary
Layer Separation, Bubble Crowding, Sublayer Dryout, and Interfacial Lift-Off.

The Boundary Layer Separation Model uses an analogy between wall gas injection into a single-
phase liquid boundary layer and vapour effusion at a heated wall in flow boiling. In the case of single-
phase flow, wall injection decreases the liquid velocity gradient near the wall. Ultimately, the gradient
becomes increasingly small once the injection velocity reaches a threshold value, causing the boundary
layer to separate from the wall. By analogy, the Boundary Layer Separation Model is based on the
premise that CHF occurs when the rate of vapour effusion normal to the heated wall reaches a threshold
value that causes a significant reduction in the bulk liquid velocity gradient, leading to the separation of
the liquid from the wall.

The Bubble Crowding Model is based on the premise that CHF occurs when accumulation of oblong
bubbles along the heated wall becomes too dense to permit turbulent fluctuations in the core liquid to
provide adequate liquid supply to the wall.

The Sublayer Dryout Model is based on the premise that as CHF is approached, oblong bubbles
propagating along the heated wall trap thin liquid sub-layers. CHF is postulated to occur when heat
supplied at the wall exceeds the enthalpy of bulk liquid replenishment of the sub-layer.

The Interfacial Lift-off Model is based on the observation that, prior to CHF, vapour patches generated
along the heated wall coalesce into a fairly continuous wavy vapour layer. The wavy interface is able to
maintain contact with the wall in ‘wetting fronts’ corresponding to the wave troughs. CHF is postulated
to occur when intense evaporation of liquid in the wetting fronts causes the wavy interface to be lifted off

the wall, extinguishing any further liquid replenishment.
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Incidentally, all these models were thought to explain the critical heat flux phenomenon in a heating

process, not quenching.
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Separation Model Model Model Model
B N \ BN A
R 3Bubbly, Bulk N W
RN N Layer! Flow 3 R Vapor
| e NUH00 \ e
CHF (+) \ Blanket N 0 N 9 N ) Liquid
Bounlgigj\: CHF(+) § 'B 0 cHFHY (00 CHF(#) Y
Separation \\: 3: :U U D \Q OO g\
= = ! a k
N RS ! 3 B Dry
N\ . \| Liquid N\ wal
3 R Sublayer 3
N au N NV N
Liquid 3 i R R
N Velocity {;\JDU IOU R 2
X Profile N5 0 N0
CHF N0 CHF() \ UDUUB 0 CHF(-) ) Og CHF() )
B ; | 3 )
§ - N D i D N 0 S\ Wetting
R Liquid-Vapor R D i U R 5 O X
N Boundary W | R Front
3;; Layer &h 3\\ :
= Flow R/ Flow = Flow R Flow

Figure 2.3: Trigger mechanisms for flow boiling CHF according to different models. (source: [38])

In terms of correlations to calculate the critical heat flux, one of the first was proposed by Kutateladze
[40] in the context of pool boiling of saturated liquid. This correlation was established by assuming that
the vapour generated during boiling is exhausted in the form of columns spaced at a distance equal to a
critical half length of the Rayleigh - Taylor instability. The critical flux is then assumed to occur when the

interface is deformed by Kelvin - Helmholtz instability.

JCHF,Kutateladze = 0131Ahl,vp11;/2 (QU(Pl - p'u))l/4 (223)

Kutateladze [41] later modified this law to take into account the subcooling of the liquid. It was based

on the fact that the flow serves both to vaporise the liquid and to heat it up to saturation temperature.

0.8
qCHF Kutateladze2 = 0.131Ahy o pY/? (g (pr — pu))™* (1 +0.0065 (;’i) W) (2.24)
Haramura and Katto [42] proposed a correlation in convective flows around cylinders, adopting the
same model of critical flux occurring at interface destabilisation by Kelvin-Helmholtz type instability. They
therefore modified equation 2.23 to take mass flow into account. They also involved a length L represent-
ing the length of the element considered. Indeed, they observed that the critical heat flux in stationary

flow depended on the diameter of the cylinder, with higher values of heat flux for smaller diameters.

p 0.467 op 1/3
aramura atto — Y. Ah v = 2.2
qCHF,H &Katto = 0.17T5G ARy, (pz ) (G2L) (2.25)
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The most classically used correlations are probably those obtained by Katto and Ohno [43] and
by Shah [44]. These two correlations are quite complex, because they take into account transitions
for different values of the flow parameters. They were both obtained for stationary flows in uniformly
heated vertical tubes, and were established by correlating different characteristic dimensionless num-
bers, namely the boiling number, the subcooling Jakob number, the ratio of the length of the heated tube
to its diameter L/D, as well as the ratios of certain physical properties of liquid and vapour.

The correlation from Shah [44] takes into account some additional physical properties, such as phase
viscosity, and also depends on the L/D ratio. However, the surface tension is not taken into account. The
author compared this law with that of Katto and Ohno [43] and found a better agreement for data from

the literature obtained with water, refrigerants and cryogenic fluids.

One decade later, Hall and Mudawar [45] also proposed a correlation based on the dominant non-
dimensional numbers (equation 2.26), with the difference that the length of the heated tube is not in-

volved while the Weber number is.

p) M Cpi(Toar = T1) (pr\" ™
qCHF, Hall& Mudawar = 0.0722G ARy ,We *31? (p) 1- 09* <p> (2.26)
v lv v

More recently, Darr et al. [24] presented a new CHF correlation for cryogenic fluids, which is a

modified form of the correlation proposed in Katto and Kurata [46] and takes the following form:

N —0.91 L 0.48 035 Ah,sub
qCHF,Darr = ClGAhlﬂ)Wel ’ (pv) <D) (1 + OO?WGZ Ahl)v) (227)

where Ahgpy = h(Tsat) — h(T7), We, = % and ¢; is a constant equal to 1.0 for vertical upwards

flows and equal to 0.741 for flows under microgravity conditions.

Two years ago Huang and Kharangate [47] presented a new mechanistic model for predicting the
CHEF in flow boiling. This is the most complex model and also the most difficult to implement, since it
is based on three sub-models which together are used to determine the trigger mechanism that leads
to the critical heat flux. First, a separated flow model is used to determine the variations of average
velocities and thicknesses of the liquid and vapour layers along the channel. Second, the results from
the separated flow model are used to predict the critical wavelength for the transition to the stability of
the vapour layer in the wetting front. Third, a CHF trigger mechanism is determined by calculating a
heat flux required to simultaneously trigger the critical wavelength of the vapour wave and the Helmholtz

wavelength in the wetting front.

Finally, it is important to mention the effect of instationarity in the CHF. Having as reference the value
of CHF in a quasi steady-state configuration where the wall temperature is imposed constant, it was
reported by Auracher and Marquardt [48] a significant increase in the CHF for the case where the wall
temperature is increasing. Similarly, when the wall temperature is being cooled, the CHF also decreases.
The results from Auracher and Marquardt [48] are presented in figure 2.4 and shows the important role

played by instationarity in the CHF.
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Figure 2.4: CHF results from [48].

2.2.4 Nucleate boiling

There has been a significant amount of work for nucleate boiling correlations development. Since
this regime is characterised by a direct contact between the wall and the liquid, simultaneously with the
creation of vapour bubbles at nucleation sites, the most widely accepted correlations are generally a
superposition of boiling due to nucleation and forced convection. This approach, first suggest by Chen
[49], is to consider the heat transfer coefficient as the sum of a microscopic contribution (nucleation) and
a macroscopic contribution (forced convection).

The term accounting for the forced convection is usually predicted by the correlation of Dittus and

Boelter [50] described in equations 2.28 and 2.29 for the heating and cooling configurations, respectively.

D
Nu= hf:\‘ = 0.0243Re%8 P04 (2.28)
l
hseD
Nu = 52 = 0.0265Re%8 P03 (2.29)

l

The most popular model for the prediction of the flux contribution from nucleation is that of Rohsenow
(1952) described in equation 2.30.

.‘](Pl—)%)} 1/2 j— [Cpl [T — Tsar(p1)] v (2.30)

dnb,Rohsenow — :U'lAhlﬂf { . Cszhl,v

where r = 0.33, s = 1.0 for water and 1.7 for other fluids, and the constant Cs; may vary from one
fluid-surface combination to another. The known values of C; for the studied fluid-surface combinations
are presented in Carey [19] and vary between 0.0022 and 0.02. Regarding the use of this correlation in

microgravity, Dhir [51] suggested the use of g = 9.81m/s? even under microgravity conditions.
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In the original formulation by Chen [49], the microscopic and macroscopic contributions are given
by expressions the 2.31 and 2.32, respectively. The first one corresponds to the Forster-Zuber [52]
correlation, created to calculate the heat transfer coefficient for nucleate pool boiling, but it is multiplied
by a suppression factor, S, that accounts for the fact that as the macroscopic convective effect increases
in strength, the nucleation is more strongly suppressed. The second one corresponds to a modification

of the Dittus-Boelter equation.

0.79 v, 0.45 ,0.49
k- Cp ™ p

hmie = 0.00122
UO'S#?‘nghl,vp?Jezl

] (T = Toat(00)]"* [poat(T) — 1] S (2.31)

k
Pmae = 0.023 (I*)p) ReSprit (2.32)

where ky, = ki, Pry, = Pr; and Rey, is given by the expression 2.33, which depends on the function
of the Martinelli factor, whose formula depend on the value of the Martinelli factor itself and are presented
in equations 2.35 and 2.36. To decide which expression one should use, the Martinelli factor can be

calculated using equation 2.34.
1.25
Reyp = Rey [F(Xy)] (2.33)

1 2\ 00 0.5 0.1
() ()
x Pl Mo

From a regression analysis of the available data at the time, Chen obtained F(X,;) and S(Re;,)

curves that provided a best-fit for his correlation. Originally, the curves were only presented in graphical
form, but later Collier [53] proposed the following empirical expressions to fit the Chen’s original graphical

curves:

F(Xy) =1 for X;;* <0.1 (2.35)
0.736
F(Xy) =2.35 (0.213 + X) for X;;' > 0.1 (2.36)
tt
S(Rewy) = (1+2.56 x 10 Ref;! 7)™ (2.37)

Solving equation 2.34 for the value of quality that results in a X;; higher than 10, it can be found that
the value of F(X,,) is given by expression 2.35 as long as = < 8.25 x 10~2. Regarding our experiments,
Brian Verthier [16] estimated the quality both in normal gravity and microgravity conditions, in the whole
range of mass flux, and concluded that z < 3 x 103 for all cases. Therefore, F(X;;) = 1.

One fundamental difference between the nucleate boiling correlation from Rohsenow and the one
from Chen is the fact that the first was created for subcooled nucleate boiling, which is our case, while

the second applies to saturated nucleate boiling. Recently, Scheiff et al. [54] conducted experiments with
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HFE7000 and studied the subcooled nucleate boiling regime. To take into account the liquid subcooling,

equation 2.31 is multiplied by a factor S,.. given by:

Seup =1+ 3.27 x 1074 - Ja? (2.38)

sub

Furthermore, the authors proposed a modification in Chen’s expression for the forced convection,
presented in equation 2.39, that consisted in changing the exponent of the Prandtl number in order to fit
better the experiments with refrigerant liquids.

Ky

Bmac = 0.023 (D) Rel® Priy® (2.39)

Klimenko also investigated two-phase forced flows [55] [56], and in 1990 [57] presented the final
form of his correlations for nucleate boiling heat transfer (equation 2.40) and for the forced convection
vaporisation heat transfer (equation 2.41). These correlations do not take into consideration the fluid

subcooling.

Nu’n,b,Kli'rnenko = CP€2'6K3.54P7";1/3K?'12 (240)

0.2
Ntge Kiimenko = 0.087Re%:5 Py L/ <’:l’> K009 (2.41)

_ qLb — a _ pLb C— Qw — (&) pro_ . Lb
where Pe, = ittt Lb = | [Gmios, Ky = M Ky = e, Rew = () - [L+e (2 -1)] - 22,

and the value of C depends on the type of fluids. For freons and cryogenic fluids, C = 7.6 x 102 and

C = 6.1 x 1073, respectively.

In 1991, Liu and Winterton [58] presented a set of equations that can be used to calculate both
saturated and subcooled flow boiling, based on the modified form of the Dittus-Boelter (equation 2.43)
for the forced convection and on the correlation for pool boiling when the surface finish is unknown from

Cooper [59] (equation 2.44). The equations for the subcooled flow boiling are the following:

q= \/ (he ATy)? + (Shpoot AT)? (2.42)

where : hy, = 0.023Re%® Prd-4 (2.43)
p 0.12 P —0.55

hpoot = 55 (p) [hpoot (T — Tsat)]2/3 [— log, (p)} MO (2.44)

S = (14 0.055Re}10)~? (2.45)

AT, =T, - T, (2.46)

ATS = Tw - Tsat (247)

Regarding correlations created specifically for cryogenic fluids, two expressions were recently pre-

sented, one by Darr et al. [24] and the other by Kuang et al. [60]. Both of them apply for saturated
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nucleate flow boiling, not taking into account subcooling. The first (equation 2.48) was based in LN2 and
LH2 data and it is a modification of Chen’s expression for the forced convection. The Jakob number was
included to account for the relative importance of latent to sensible energy during this phase of chilldown,
the Weber number to take into consideration the surface tension of LN, or LH>, and the Archimedes

number to include the effects of the bubbles’ dynamics.

A
By, Darr = c1 Pri2 Ja>Wes* Ares - (0.023[;360-8131«04)) (2.48)

where We, = S0, Ap — 20(ep)l2 and where ¢y = 214 x 1077, c; = 4.895, ¢; = 0.393, ¢4 =
—0.284 and c¢; = 0.749 for vertical upwards flows in normal gravity, and ¢; = 0.14 x 1077, ¢z = 5.900,
c3 = 1.200, ¢4 = —0.220 and ¢5 = 0.880 for microgravity conditions.

The second equation (2.49) also consists in a modification of Chen’s expression for the forced con-
vection, this time corrected by the Boiling number, Bo. The reported application scope are flows with a
Bo € [8.37 x 1075;2.33 x 10~3]. However, in the case of chilldown, since the wall heat flux is not constant

with time, Bo number-based correlations might not be very suitable.

Ny, 5uang = 406.3B0%516% . 0.023 Re-8 Pro-4 (2.49)
q

here Bo = 2.50

where Bo= Ahr (2.50)

Interestingly, both correlations use the variation of Dittus-Boelter expression for the forced convection
with the value of 0.4 as the exponent of the Prandtl number, which was supposedly for the heating and

not quenching case.

21



Chapter 3

Experimental Apparatus and

Procedure

This chapter will present the experimental set-up designed, built and tested in the scope of a PhD
thesis [16] by Mr. Brian Verthier and Prof. Dr. Catherine Colin, his supervisor. All the experimental data
used in the present work comes from this experiment that took place in 2009, therefore it is interesting

to understand its fundamentals.

3.1 How parabolic flights work

As it can be seen observed from figure 3.1, one complete parabola has four main phases and lasts
around 1 minute in total. From a stabilised level-flight at 6000 metres, the aircraft gains attitude. During
this phase, called parabola pull-up, passengers experience a pull of 1.8 times that of gravity on Earth.
This is called hypergravity. The flying crew then performs a manoeuvre called “injection”: as the aircraft
travels upwards, the pilots reduce engine speed and the aircraft follows a ballistic trajectory. After a
transition period of around 5 seconds during which the vertical load factor goes from 1.8g to null, the
microgravity conditions last for about 22 seconds during which the aircraft seems to be in “free fall”’. In
reality, the pilot adjusts the control stick tilt to maintain the vertical load factor at zero, while the lateral
acceleration is controlled by an automatic piloting, and a mechanician adjusts the thrust of the engines
to cancel the longitudinal load factor. Together, all three pilots maintain a near-zero acceleration level
in the three axes to guarantee zero-gravity precision + 0.02 g. An exit phase at 1.8 g, symmetrical with
the entry phase, is then performed on the descending part of the parabola within about 20 seconds to
return the aircraft to a stabilised altitude level.

Despite the short duration of the microgravity phase during each parabola, it is possible to accu-
mulate up to 10 minutes of recorded data per flight since the aircraft makes 30 parabolas. These are
separated into 6 groups of 5, and a two-minute gap is left between two successive parabolas to allow
scientists and pilots to prepare for the next parabola. Between each group of parabolas, there is a

five-minute pause. [61], [62]
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Figure 3.1: Phases of a parabolic flight. (source: Novespace’s website [62])

3.2 Working fluid

The fluid used was the 3M™ Novec™ 7100 Engineered Fluid [63] (HFE7100), which is part of a new
generation of refrigerant fluids from the hydrofluoroethers family that are suitable to use in place of older
refrigerant fluids such as R113 and R123. The main advantage of this new generation of fluids is the
fact they are less harmful for the environment.

This fluid was chosen for its very low surface tension and viscosity, that make it one of the non
cryogenic fluids whose physical properties are closest to the ones from liquid oxygen and liquid hydro-
gen. Furthermore, its low boiling point at 61°C makes it suitable for boiling experiences. Finally, the
other reason for which this fluid was selected was the fact that, for safety reasons during the parabolic
flight, it was necessary to use a fluid whose behaviour at high temperatures was known. Incidentally,
Tuma and Tousignant [64] had already shown in a previous study that the continuous exposition to high

temperatures did not generate a dangerous quantity of toxic decomposition products.

3.3 Experimental set-up

As described in [65], the experimental apparatus is a classical two-phase flow loop that can be

divided in two main loops:

» The hydraulic one is a closed loop in which the fluid circulates at a given mass flow rate, tempera-

ture and pressure.

» The air loop is used to impose the fluid loop pressure. This pressurisation is made by means of
a bellows (component Tal in the figure 3.2), which is in contact with air on one side, and with
HFE7100 on the other.
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The main components of the hydraulic section are shown in figure 3.2. In the circuit, the refrigerant

pressure varies from 0.8 to 2 bar and the liquid subcooling from 5 to 15°C.

H2 {Test section) Double conlfnment

| By pass 2 Pv1,2(0 Bhar)

I Pv3(1.5bar)
I RV1

B S
H1 (liquid) XY P
P
| FM)—A
|

Figure 3.2: Scheme of the two-phase flow loop used in the experiment.

The hydraulic circuit consists of a main loop, containing the test section (T.S), a condenser (C) to
condense the vapour generated during the quenching, a preheater (H1), a pump (P), and two bypass
valves (1 & 2). The bypass 1 is used to set up the mass flow rate. The bypass 2 is used to choose
if the fluid passes through the test section or not. The branch choice is made by two normally closed
electro-valves (Ev 1,2).

The test section is a stainless steel tube, with a 10mm inner diameter, a 1mm thickness and a 10cm
length, heated by three resistive heating tapes (figure 4). 15 k-type thermocouples are attached to
the test section outer surface. A k-type thermocouple in inside the test section to measure the liquid
temperature. The test section is located between two thermoplastic insulating bridles. In each bridle,
two O-ring electrodes are flush-mounted to measure the void fraction from a capacitance method. A

k-type thermocouple passes through each bridle to measure inlet and outlet liquid temperatures.

Al

r'A )
i i‘mmw‘nn

Figure 3.3: Test section.

During each parabola, the quenching trial of the test section is divided into 3 phases:

1. Regulation phase: This phase takes place during the five-minute pauses between groups of
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3.4

parabolas, and it is used to modify the global temperature of the circuit. This operation is long
and costly in terms of energy consumption, since not only it is necessary to change the tempera-
ture of the working fluid, but also the temperature from another components such as the circuit’s
lines or the pump. During this phase, all the HFE7100 is in the liquid state and circulates via the

bypass.

Adjustment phase of the test parameters: Two minutes before each quenching trial, the mass flux
and the pressure are modified to the desirable values. Simultaneously, the test section is heated
and the liquid inside it is vaporised. The vapour generated by the heating of the test section is
evacuated using the one-way valve located after the pyrex tube, and then it is condensed by the

condenser.

. Quenching phase: At the beginning of the microgravity period, the test section is full of vapour and

heated to a temperature of 180°C. At the same time, the heating is switched off and the working
fluid is deviated from the by-pass and starts passing through the branch line containing the test
section. This marks the beginning of the quenching. The vapour generated during the trial is
evacuated and re-condensed. At the end of this phase, the liquid is deviated to the bypass and the

second phase starts all over again.

Description of the metrology used

The measures required to analyse the quenching process, calculate the heat flux and the rewetting

temperature are listed below. In addition, the measurements of quantities more relevant to this work will

be explained more in detail. A general scheme of the metrology used is presented in figure 3.4.

3.4.1

The in-flight acceleration felt by the experimental apparatus.

The mass flux.

The pressure at the inlet of the test section.

The pressure difference between the inlet and the outlet of the test section.

The temperature of the working fluid, both at the inlet and outlet of the test section.
The wall temperature along the test section.

The void fraction.

Thermal measurements

The temperature of the liquid phase of the fluid is measured at the inlet and outlet of the test section

by two k-type sheathed thermocouples (TI1 and TI2). A third thermocouple TI3 allows to measure the

temperature of the thermoplastic’s wall.
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Figure 3.4: Sensors in the test section.

Originally, the maximum error of the thermocouples used was 1°C. However, since the temperature
gradients between the inlet and outlet of the test section were small, of the order of a few degrees,
a recalibration of the liquid temperature sensors was done by Brian Verthier. For this, the temperature
signal measured from a thermostatic bath was corrected by the measurement made at the thermocouple

tip by a PT100 platinum probe. This allowed to reduce the maximum error to 0.1°C.

Moreover, the temperature of the test section is measured in 15 positions by unsheathed K-type
thermocouples. These were fixed to the wall by a thermosetting resin with a high thermal conductivity,
ensuring good mechanical strength and correct thermal contact. These thermocouples have a maximum
error of 1 °C, and 3 of them are used to regulate the heating of the section, while the other 12 are used

to collect data.

3.4.2 Measurement of the acceleration and mass flow rate

The gravity intensity is measured by a 3-axis accelerometer that can measure a relative acceleration
of 2g with an accuracy of 0.3%. This sensor is located approximately 20cm from the test section, and it

is attached to the frame of the apparatus.

The flow rate is measured by a Coriolis effect flowmeter capable of measuring a maximum flow rate
of 208 m3/h with an accuracy of 0.75% . This technology was chosen because the fluid being dielectric,
the use of an electromagnetic flowmeter was impossible. Likewise, the measure had to not be impacted
by the level of gravity.

3.4.3 Pressure measurements

The absolute pressure is measured upstream of the test section and upstream of the pump, the point
where the pressure is imposed, by sensors with a range from 0 to 5 bar and a precision of 0.25 mbar.
The pressure gradient between the inlet and the outlet of the section is measured between two taps

made in the clamps of the latter, using a pressure differential sensor with an accuracy of 0.5%.
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3.5 Data processing

3.5.1 Calculation of the wall’s internal temperature and heat flux

In order to obtain the temperature of the wall’s inner surface, it is necessary to apply an inverse
method. In other words, we measured the temperature of the wall on its external surface, while the
cooling takes place on its inner surface. A classical resolution cannot then be applied because the
boundary conditions on the inner surface are not known.

Numerous analytical solutions are developed in the work of Maillet et al. [66] and have been applied,
for example, in the case of the quenching of a plate by an impact jet (Gradeck et al. [67]). This type of
method requires the solution of the heat equation in Laplace space and therefore the use of numerical
inversion tools that are complicated to set up and often a source of errors.

We are therefore interested in solving the heat equation using a shooting method. The simplified
case of the 1D cylindrical unsteady heat equation (3.1) was used, where r is the radial direction, vary-
ing between D/2 and D/2+e, and ¢ is the local flux density in W/m?2. It was also assumed that the
temperature is invariant with the angle, which is a reasonable assumption given that the test section is
vertical.

1. Orp oT

7)\11)7: w w o, A1
e T 3-1)

By adopting the discretisation shown in figure 3.5, the surface flux can be expressed as a function of

the temperature of each mesh.

Aw
Pn = % [Tn-i-l - Tn] (3.2)
. dr > L
TO T1 Tn-1 Tn *Tnﬂ Tn.1 TN
) e=1mm .

Figure 3.5: Discretization of the wall in 1D Cartesian for inverse problem solving.

By noting Tin the temperature of the mesh n at time i and choosing time and space steps dt and dr,
the heat equation can be discretised according to equation 3.3 and written in matrix form according to
equation 3.4 with C' = (A, dt)/(pcpwdr).

ppCpp OT [82T 1 8T}

N, Ot |or2 T ror
ppCpp T =T, 1 T —T! N 1 [Tiy, - 2T+ T3 3)
Ap dt 2r dr dr2 dr
: ; Awdl : ; Awdt . o
=Tt =1l Y [TE,, T 2w i _opi 4T
n n + prprTdT [ n+1 n—l] + prpwdT2 [ n+1 n + n—l]
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In order to apply an inverse resolution to this system, we will assume known a function F(t) giving
the temperature at the internal surface of the wall at time ¢ = i+ 1 as a function of time ¢ = 7 according to
Ti*t! = F(i) x T}. Taking into account this boundary condition, the matrix system is modified according
to equation 3.5. Thus, for a given function F(t) we can, according to the established matrix system,
calculate the evolution of the temperature Ty (¢), outside the wall, by applying the matrix equation to

each time step .

Tit! F(%) 0 0 Ti
Tt 0 £+£ 1-2¢ £+&£ . : T3
=1 o o x| (3.5)
N : 0 2482 128 &4 ¢ Tn 4
! : 0 S4+¢ 1-2¢ ¢4¢ Ty

Therefore, the method consists of calculating the corresponding external temperature from an inter-
nal temperature profile F'(¢). The error between the calculated and measured profiles is then subtracted
from the internal profile (figure 3.6), before iterating the calculation. The initial temperature profile cho-
sen corresponds to a stationary 1D profile Th = Ty — e/, Q(z,t), where the heat flux Q(z, t) is obtained
by assuming a uniform wall temperature (equation 3.6).

__ PwAwCpy Ty (z,t)

Qz,t) = P T (3.6)

In terms of the precision, this method of calculating the heat flux is not entirely correct because it
does not take into account the heat losses that exist. These can be classified into three types: heat
losses due to the natural convection with the ambient air, heat losses by radiation, and heat losses
caused by the axial conduction along the section test.

The losses by natural convection can be estimated from the Mc-Adams equation 3.7. During the
tests in weightlessness, the phenomenon of natural convection disappears and the losses by natural

convection are then zero.

Nu = 0.547Ra®>%
B gBD3AT

ro

Ra
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Figure 3.6: Schematic representation of the algorithm to calculate the wall internal temperature.

In terrestrial gravity, these losses are of the order of 2k1W/m? for a wall temperature of 200 C. Since
the heat flux at film boiling and at CHF are of the order of 15kW/m? and 60kW/m?, we can conclude

that the losses by natural convection can be neglected during most part of the boiling curve.

The radiation losses can be estimated by Stefan - Boltzmann’s law (equation 3.8) where ¢ is the
emissivity of the body between 0 and 1, S the radiating surface, o5 the Stefan - Boltzmann constant
equal to 5.67038 x 10~ 8W/m2K*, T,, and T,,,,, the temperature of the radiating body and the ambient
temperature in Kelvin. Considering that the temperature of the test section is relatively low, these losses

can also be neglected.

Qrad = €SO—SB(,TZL) - Témb) (38)

Finally, the losses due to the axial conduction can be estimated by considering the heat fluxes from

the neighbouring thermocouples (equation 3.9).

Qawial(z) = % [Tw(Z + AZ) + T’w(z - AZ) - QTW(Z)] (39)

Figure 3.7 compares the heat flux calculated through the method previously presented and the heat
flux losses caused by axial conduction along the test section. As it is possible to see, the losses are
more significant for higher superheats, but they are 10* smaller than the calculated heat flux. Hence,

they can be neglected.
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Figure 3.7: Heat flux losses due to the axial conduction along the test section.

3.5.2 Rewetting temperature

The calculation of the rewetting temperature from the experimental data obtained is not straightfor-
ward. In fact, the rewetting process is not instantaneous, which means that there is not a well-defined
temperature value above which the wall is dry and below which the wall is wet. What happens is that
there is a range of temperatures in which there is an intermittent contact between the liquid and the wall,
as it was observed by llyas et al. [68] using water and by Yuan et al. [69] using liquid nitrogen. This
intermittent process is part of the transition regime between the film boiling and the nucleate boiling.

In the plot of the wall temperature as a function of time (figure 3.8), one can observe that the rewetting
phenomenon results in a change of the curve’s slope. However, since that change is not instantaneous,
the question of where should one consider the rewetting point is raised.

In the literature, different approaches can be found. The first definition by Chen et al. [70] says
that the rewetting temperature can be found by the intersection of the curves with the slopes of the film
boiling and nucleate boiling regimes. Later, Xu [10] used another definition saying that the rewetting
temperature is the one for which the heat flux starts to increase rapidly, corresponding to the beginning
of the intermittent contact between the liquid and the wall. Another method used is to consider the
temperature at which the maximum temperature variation occurs, which can be easily obtained by taking
a second derivative criterion of the maximum temperature.

Implementing the method by Chen [70] in our case can be somewhat difficult, due to the fact that the
wall temperature does not have a perfectly linear behaviour with time in film and nucleate boiling regimes.
As a consequence, depending on whether one considers an averaged slope over the entire regimes, or
just a few seconds near the rewetting point, the rewetting temperature value may vary. In our case, to
compute the rewetting temperature using this method, the slope of the film boiling is calculated using
the 3 seconds preceding the estimated rewetting point and the slope of the ensemble nucleate/transition
boiling regimes is calculated using the 0.5 seconds preceding the critical heat flux, and 2,5 seconds
after this point. A shortcoming of this definition is that the rewetting temperature obtained does not
correspond to a physically measured temperature. A modification could therefore be made to take into
account the physical temperature corresponding to the moment when the slopes intersect.

Concerning the method that uses the second time-derivative of the temperature to calculate the

rewetting temperature, it was found by observing 3.8.c) that it had a slight offset with the actual rewetting
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temperature value. Interestingly, using the minimum value of the third time-derivative it is possible to
obtain the rewetting temperature with great precision. Physically, the minimum of third time-derivative
represents the point where the "acceleration” of the temperature reaches a maximum absolute value. In
other words, it is the point where the "acceleration” to decrease the temperature is maximal. This makes
sense because the flow is shifting from the film boiling regime, where the heat transfer is low, to the
transition/nucleate boiling regime where the heat transfer is much higher, causing a big variation of the

temperature’s variation velocity.

To conclude, it appears that the time-derivative based definition is the most robust and the most ob-
jective, since it does not involve an arbitrary criterion on the smoothing interval. It can be obtained simply
by considering the third time-derivative of the temperature and it is then subject to fewer calculation er-
rors. Therefore, this is the definition of rewetting temperature that will be used in upcoming sections of

this work.
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Figure 3.8: Comparison of the rewetting temperature calculation methods.
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3.5.3 Rewetting velocity

In order to calculate the rewetting velocity, the time difference between the rewetting point of two
thermocouples was used. Ideally, this could be done using all 12 thermocouples available in order to
access the evolution of the rewetting velocity along the wall. However, as it can be observed in figure
3.9 this is not possible due to the fact that the temperature of the wall is not uniform along the tube. If we
consider that, for the same operating conditions, two points have an equal rewetting temperature, it would
not be correct to compare points with a different initial temperature because the point with the higher
temperature would take longer to reach the rewetting temperature and that time difference would induce
an error in the rewetting velocity measurement. Hence, the only solution was to find thermocouples with
a close initial temperature and that had a well-defined film boiling regime.

The pair of thermocouples that better check this requirements is formed by thermocouples 7 and 9
(T7 and T9). These are 1cm apart and have an initial temperature between the 170 and 180 °C in all
the experiment trials. The rewetting velocity is then calculated by dividing the distance between T7 and
T9 by the time difference between the rewetting instant in those two thermocouples. Furthermore, a
selection of the trials was made in order to obtain results as close to reality as possible. This selection
was based in two criteria: initial temperature difference between T7 and T9; and rewetting temperature
difference between T7 and T9. For both parameters, the maximum difference allowed was 3°C. As a
result, the selection is comprised of 20 trials in microgravity and 34 trials in normal gravity. The results

obtained are presented in 4.2.5.
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Figure 3.9: Variation of the wall temperature with time for the various thermocouples.

Table 3.1: Position of the thermocouples.
Thermocouple T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 T11 T12

Position ifecm 2cm 3cm 3cm 4cm 5cm 6cm 7cm 7cm 8cm 8cm  9cm
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Chapter 4

Results

4.1 Introduction

Before presenting the results obtained in this study, it is necessary to introduce the boiling curves
obtained, which are different from the theoretical boiling curve for saturated water presented in the
chapter 2.1.1. Looking at figure 4.1 it is immediate that, unlike what happens in the theoretical curve, in
the experimental curves the heat flux does not decrease in the film boiling regime when the difference
between the wall and the saturation temperature decreases. In fact, the heat flux is approximately
constant, except for the beginning of the curve (when T — T, is higher) where the heat flux increases

abruptly because that is when the flow is injected in the tube and that causes a brief transitory regime.

Mass flux = 878 kg/mzs, Subcooling = 14 2C

Thermocouple5
Thermocouple6
6 ——Thermocouple7

Thermocouple8
——Thermocouple9
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0 ! ! ! ! ! !
80 100 120 140

T - Tsat [°C]

Figure 4.1: Comparison of the boiling curves obtained for different thermocouples.

Moreover, it is clear that the boiling curve can be very different depending on the thermocouple from
which the data is obtained. It is very difficult to have perfect experiment conditions and the thermocou-
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ples have different initial temperatures like we have already seen in figure 3.9. This factor combined with
the different positions of thermocouples along the tube result in the different boiling curves. Having said
that, to perform our analysis it was necessary to decide which thermocouple we would use. Looking
at figures 4.1 and 3.9, it was decided the thermocouple 8 (T8) was the best since its boiling curve is
very well-defined in all the trials (well-marked film boiling with constant heat flux, clear rewetting point,
transition boiling and nucleate boiling regimes in accordance to the theoretical model and a distinct
peak corresponding to the critical heat flux) and it has an approximately constant initial temperature as
well. Therefore, all the results presented from now on were obtained with data from T8, except for the
rewetting velocity which was calculated with T7 and T9, as explained in the previous chapter.

In order to characterise the heat exchange coefficients in the different boiling regimes, certain char-
acteristic points of the boiling curve were chosen. These points are used to analyse the relative influence
of each parameter on the different boiling regimes as well as for the comparison of measurements with
models and correlations in the literature.

Figure 4.3 shows the selected points. Going through the boiling curve from the right to the left, i.e.,
from the highest superheats to the lowest, one can observe the film boiling point at a superheat of 90°C,
followed by the rewetting point and the critical heat flux point. Finally, there is the nucleate boiling point
at a superheat of 55°C.
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Figure 4.2: Reference points in the boiling curve.

4.2 Parametric Study

Before comparing the experimental data with the results obtained from the various physical models
and correlations for each regime of the boiling curve, the experimental data is qualitatively analysed in

order to facilitate the understanding of the physical phenomenon. The variables whose impact will be
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Figure 4.3: Reference points in the temperature vs time curve.

analysed are the following: gravity intensity, mass flux and subcooling.

4.2.1 Film boiling

Looking at figure 4.4 it is possible to understand the impact that these three variables have on the
film boiling regime in both gravity intensity levels. Firstly, the heat flux increases for a higher mass flux.
However, this augmentation is much more notorious in microgravity conditions, leading to an increase
of more than 100% of the heat flux, for the same level of subcooling. On the contrary, an higher level
of subcooling seems to have a stronger impact on terrestrial conditions, although it leads to an increase
in the heat flux in both conditions. Finally, the impact of the gravity level seems to fade for higher mass
fluxes. In fact, for low mass fluxes the heat transfer is between 2 and 3 times greater in normal gravity
that in microgravity. This could be explained by the absence of a hydrostatic pressure gradient allowing
a better evacuation of the liquid that also results in the narrowing of the liquid core. As a consequence,
the thickness of the surrounding vapour film increases, degrading the heat transfer between the wall and
the liquid. As previously said, this reduction can be very significant for flows with a very low mass flux,
while for flows with higher values of mass flux the heat transfer in terrestrial and reduced gravity are of
the same order. This seems logical because the impact of gravity is related to the flow by the Froude

2
;gLD.
dominance of the inertial effects.

number, Fr =

For high flow rates, this number is large regardless of gravity intensity, reflecting the

4.2.2 Rewetting temperature

Figure 4.5 presents the rewetting temperatures of our trials in both gravity levels. It is possible to see

that there is a range of 20°C, between 130°C and 150°C, where the rewetting temperatures are located.
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Figure 4.4: Experimental results obtained in the film boiling regime.

This variation is quite large and is caused mainly by the variation of flow mass flux and flow subcooling.
Of these two parameters, the one that has most impact is the flow subcooling, as it is very clear that
the graphs are stratified from the lowest subcooling to the highest subcooling. The mass flow rate effect
seems to be similar to all levels of subcooling, resulting in an increase of rewetting temperature in around
5°C. Regarding the gravity level, it is not easy to draw a clear conclusion because the data points are very
dispersed. Nevertheless, the best-fit lines indicate that the rewetting temperature is around 2% lower
in microgravity for flows with a very low mass flux. However, this small difference fades for increasingly

higher values of mass flux.

4.2.3 Critical heat flux

The experimental data obtained concerning the critical heat flux is shown in figure 4.6. Foremost, the
dependency of the CHF on the flow subcooling is clear, since the best-fit lines are stratified according
to the subcooling levels. This dependency is observed in both gravity levels, but its magnitude seems
greater in normal gravity conditions. Moreover, an increase in the mass flow rate results in a greater
CHF.

Finally, the influence of the gravity level is not very well understood. Using the thermocouple T8
(figure 4.6 (c)), the best-fit lines show that the heat transfer is slightly greater in microgravity for the
entire range of mass flux, which is in disagreement with some observations from the literature. However,
looking at the measurements of thermocouple T4 (figure 4.6 (d)), which has a CHF of the same order
of T8 as it can be observed in figure 4.1, the data shows that the CHF is higher in terrestrial conditions

for low mass rates. For higher flow velocities the CHF is similar for both gravity levels. From these data,
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Figure 4.5: Experimental results obtained in the rewetting point.

it is difficult to give a clear conclusion on the effect of gravity on the CHF, specially because the CHF

models presented in chapter 2.2.3 were developed for boiling curves traversed in the heating sense, not

in quenching as it is our case.
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Figure 4.6: Experimental results obtained in the critical heat flux point.
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4.2.4 Nucleate boiling

Finally, the experimental results obtained in the nucleate boiling regime are presented in figure 4.7.
Contrary to what has been observed in the previous regimes, the fluid subcooling does not have a strong
influence on the heat flux, in both gravity levels. Moreover, it can be observed that in normal gravity an
increase in the mass flux translates in an increase in the heat flux. However, that behaviour does not
seem to happen in microgravity. The impact of the gravity levels themselves is not clear, as the order of
magnitude that does not seem to change regardless of the gravity level.

These different behaviours depending on the gravity conditions might be explained by a competition
between the forced convection and nucleate boiling mechanisms. In normal gravity, it seems that the
forced convection dominates over the nucleate boiling, leading to an increase in the heat flux with the
mass flux. On the other hand, the nucleate boiling mechanism seems to be more important in micro-

gravity, which results in a heat flux that is more independent of the mass flux and subcooling. This is
accordance with the results in microgravity.
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Figure 4.7: Experimental results obtained in the nucleate boiling regime.

4.2.5 Rewetting velocity

As it can be seen in figure 4.8, the rewetting velocity seems to decrease in microgravity conditions.
This is in accordance to what was observed by Celata et al. [13], where the rewetting velocity was
reported to be in the range of 5 to 7 mm/s under microgravity and in the range of 5 to 18 mm/s, for flows
with a mass flux between 100-400 kg/m?s. In our case, the range is from 4 to 8 mm/s for microgravity,
and from 6 to 12 mm/s for normal gravity conditions. Despite the fact that the results have a considerable

error margin, the rewetting velocity have the same order of magnitude. Interestingly, Westbye et al. [9]
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reported a slight increase in the rewetting velocity under microgravity conditions.

It is believed that the decrease in the rewetting velocity is a consequence of the decrease in the
heat transfer under microgravity conditions that the experimental data obtained shows. In fact, it makes
sense that, for a lower heat transfer, the rewetting velocity is also lower, because the rewetting process
takes a longer time to complete. Moreover, it is difficult to draw a conclusion regarding the impact of the
mass flux in the rewetting velocity. In both gravity levels the rewetting velocity seems to vary between

the same interval of values for the entire range of mass flux.
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Figure 4.8: Rewetting velocity as a function of the mass flux for different gravity levels.

Furthermore, the impact of the liquid subcooling on the rewetting velocity is shown in figure 4.9.
In addition to the plotting of the points according to 4 ranges of liquid subcooling, the line of best fit
calculated using the least square method is also presented for each group of data. There seems to be
an increase in the rewetting velocity for a greater liquid subcooling. This trend is clearer in microgravity,
since the trend lines in normal gravity intercept each other, possibly due to the two extreme points with a
higher rewetting velocity. One reason that makes it difficult to draw a conclusion on the impact of liquid
subcooling is the fact that some of the groups of data only have two points, which may not be sufficient
to have an accurate view of the results.

Finally, to compare the rewetting velocity of refrigerant fluids against cryogenic fluids, the published
data from Darr et al. [24] related to the trials in microgravity using liquid nitrogen as a working fluid
was used. From the 10 trials available, 3 of them reached the rewetting point before the end of the
microgravity period. For those 3 trials, the velocities obtained were the following: 94.5, 90.0 and 65.17
mm/s for values of mass flux equal to 304.38, 375.26 and 503.06 kg/m?s. In this experiment the liquid
was not subcooled. These results show that the rewetting velocity is around 10 times higher for liquid
nitrogen than for the refrigerants HFE7100 and FC-72, emphasising the difference between these two

types of fluids.
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Figure 4.9: Rewetting velocity as a function of the mass flux for different subcooling ranges.

4.3 Modelling of the boiling curve

4.3.1

Since film boiling is the regime that takes more time to complete, it is the one that influences the most
the total time of the quenching process. Therefore, an accurate prediction of this regime would come
a long way in the correct modelling of the boiling curve. Figure 4.10 shows the results obtained with

several correlations, for both terrestrial and microgravity conditions. All the correlations used depend on

Film boiling

the gravity level, which is essential in our study.

r © ES o

Heat Flux [W/m?]

In normal gravity, it is possible to observe that the Bromley - Plaque presents the results closer to
the experimental data. In general, the Bromley correlation with the correction made by Brian Verthier
[16] overestimates the heat flux. Although it is very close to the experimental data for trials with low
mass fluxes, the error increases for the higher values of mass flux. On the contrary, the Klimenko

correlation tends to underestimate the heat flux. Finally, the Darr’s correlation presents very dispersed
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Figure 4.10: Comparison of the different correlations for the film boiling regime.
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results and the reason for that is thought to be the use of the equilibrium quality value to calculate the
heat flux. In fact, Brian Verthier has calculated the values of the equilibrium quality in its work but they
have a significant incertitude (around 35%), which is a problem because the second term of the Darr’s
correlation, where the equilibrium quality intervenes, is also by far the term that contributes the most for
the total heat transfer coefficient.

For microgravity conditions, the correlation from Klimenko is the one that presents a bigger deviation
for the experimental data, overestimating the heat flux by around 200%. Furthermore, the Darr’s cor-
relation continues to present dispersed values around the experimental data for the reasons previously
explained. Finally, both correlations based in the Bromley’s model present results very close to the ex-
perimental ones. So close that the green dots from the Bromley - Verthier correlation cannot be seen
due to being superposed by the experimental and Bromley - Plate results.

In the figure 4.11 below, it is possible to see the comparison of the experimental results and the ones
predicted both by Bromley’s law for the flow around the cylinders with the correction by Brian Verthier
(Bromley-Verthier), and by the ones predicted using the formula of Bromley’s model for a plane plate
(Bromley-plaque) using Lref = 0.036 m.

For terrestrial conditions, Bromley-Verthier tends to underestimate the heat flux for low mass fluxes
and to overestimate the heat flux for higher mass fluxes. Nevertheless, in most cases this correlation
allows to obtain results with a deviation of less than 30% from the experimental results, except for the
range of very low mass fluxes where the error increases. On the contrary, Bromley-plaque underesti-
mates the heat flux for whole range of mass flux, with an almost constant deviation of around 10%. Since
the deviation is practically constant, it is possible to conclude that this formula predicts with accuracy the

evolution of the heat flux as a function of the mass flux.

Heat Flux [W/m?]

Bromley - Correction Verthier
* Bromley - Plaque

* Exp
1 1

| | I |
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Mass flux [kg/m?.s]

05 1 1 1 1

Figure 4.11: Heat flux as a function of mass flux for a superheat = 90°C, in normal gravity conditions.

In weightlessness conditions both formulas improve their accuracy, as it can be seen in figure 4.12.

While Bromley-Verthier overestimates the heat flux for low mass fluxes, it predicts with significant pre-
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cision the heat flux for higher mass fluxes. Bromley-plaque also presents a great accuracy. In fact,
the best-fit line obtained via the least-squares method of the results predicted by this formula and the

best-fine line of the experimental results are virtually indistinguishable. In this case, the using Lref value

used was 0.012 m.
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Figure 4.12: Heat flux as a function of mass flux for a superheat = 90°C, in microgravity conditions.
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Figure 4.13: Comparison of the predicted evolution of temperature as a function of time with the experi-
mental result, for the HFE7100 case in microgravity conditions.
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Figure 4.14: Comparison of the predicted evolution of temperature as a function of time with the experi-
mental result, for the HFE7100 case in normal gravity conditions.

Validation of the reference length

In order to assess if the values of L,.; were in agreement with the physical explanation given in
2.2.1, the rewetting velocity was multiplied by the time difference (At) between a superheat of 90°C or
80°C and the rewetting point. This was done both in normal gravity and microgravity conditions, and the
results are presented in figure 4.16. Firstly, it is possible to observe that the order of magnitude of L,.s
is correct. Secondly, the data for a superheat of 90 °C is close to the value of L,y in normal gravity, but
in microgravity the value of L, is between the data for a superheat of 90 ¢C and 80 °C.

By looking at figure 4.15, one can understand that the point of L,.; is not always located in the
same place in the boiling curve. Sometimes, it is exactly located between the points corresponding
to superheats of 90 °C (red line) and 80 °C (green line), such as in figure 4.15 (b) and (d). However,
for normal gravity conditions it is more common to find L,.; located very near the red line, while for
microgravity it is closer to the green line. Either way, the values for L..; are coherent with the physical

explanation suggested.

Application to cryogenic fluids

Considering the accuracy obtained with the Bromley-plaque formula in predicting the heat flux for our
experiments, it was decided to test it against the results of the cryogenic experiment made by Darr et al.
[24]. Before presenting the results obtained, a few introductory notes are necessary.

First of all, the data from the experiments in terrestrial conditions was not made available by Darr et al.
[24], therefore the Bromley-plague model was only validated for the microgravity conditions. Secondly,
the properties of saturated nitrogen, either in gaseous or liquid state, were obtained in the website [71].

It was not possible to find the source of the information nor its level of accuracy, hence it can be a
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Figure 4.15: Comparison of the position of the points with a superheat of 90 and 80 °C with the position
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Figure 4.16: Validation of L,.; by comparing its value with the rewetting velocity multiplied by the time
difference between the rewetting and a characteristic point in the plot of wall temperature with time.

source of error in the heat flux calculation. Furthermore, it was not possible to find the properties of the
material of the tube, 304 stainless steel. Therefore the properties used are the ones for the range of 0
to 100°C, and were obtained in the website [72]. The quantitative impact that this approximation has on
the obtained results is unknown. Moreover, only four out of the ten trials available were used because
the other six had lower mass fluxes and as result did not arrive near the rewetting point before the end
of the microgravity period. Hence, either the validation was made for superheats above 100 K using the
other 6 trials, or for lower superheats using this 4 trials. It was not possible to do the validation using
higher superheats using all the trials because these 4 that were selected were in transitory conditions
for those values of superheat. Finally, the Lref value used is exactly the same that was used for the

HFE7100 experiments, i.e. no modifications were made in the formula to account for cryogenic fluids.

The comparison between the results obtained and the experimental data can be seen in figure 4.17,
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along with best-fit lines for both sets of data. The results are presented for six values of superheat,
ranging from 65 to 8 K, in order to assess the accuracy of the Bromley-plaque correlation in a substantial
part of the film boiling regime. The graphs show that, in general, the correlation overestimates the heat
flux for superheats below or equal to 75 K, and underestimates it for superheats higher than 75 K, with
the best agreement between experimental data and predicted results obtained for a superheat equal to
85 K. Having said that, the estimation error is inferior to 30% for all cases and for the entire range of

mass flux. In the chapter A.3 of the Appendix, the curves for the other 3 cases studied are available.
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Figure 4.17: Comparison of the theoretical model with the cryogenic experimental results for different
superheats.

Considering this results, the question arose as to whether the model was capable of predicting the
evolution of the wall's temperature as a function of time, which implicates an accurate prediction of
the heat flux throughout the whole film boiling regime. Figure A.13 shows the evolution of the wall’s
temperature for the case with the higher mass flux and, after an initial transitory regime that last around
2 3 seconds, there are 5 seconds during which the slope is approximately constant. This is our region
of interest since it represents the film boiling regime, and it can be seen that the Bromley-plague model
predicts the evolution of the temperature with accuracy. In fact, those 5 seconds, the wall temperature
decreases more than 40 K, and at the rewetting point there is only a difference of 1.5 K between the
predicted temperature and the experimental data. Nevertheless, the prediction is not perfect since the
slope of the predicted curve is less pronounced than the experimental one for higher temperatures, then
the two curves intersect and for nearer the rewetting point the slop of the predicted curve is steeper than

the experimental one. This is in accordance with what has been observed from figure 4.17.
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Figure 4.18: Comparison of the predicted evolution of temperature as a function of time with the experi-
mental result, for the LN2 case.

4.3.2 Rewetting temperature

The figure 4.19 shows the comparison of the several models/correlations to calculate the rewetting
temperature with the experimental data obtained, both in normal gravity and in microgravity.

Some of the previously correlations mentioned in the chapter 2.2.2 have not been plotted because
they either overestimate or underestimate significantly the rewetting temperature values. Looking at
the figure 4.19, one can observe that the Spielberg’s correlation and the correlations that derive from
it (Semeria, Baumeister, Darr) constitute the upper and lower boundaries . One evident problem of
these 4 correlations that have the same origin is the incapability of reproducing the dependency of the
Leidenfrost temperature with the flow mass flux.

On the other hand, the Berenson'’s law and two other that derive from it (Henry and Henry modified)
predict mostly well the increasing trend of rewetting temperature with the flow mass flux. One important
thing about this correlations is the fact that, despite the dependency of the Berenson’s law on the gravity
acceleration, g, this value is kept equal to 9,81 m/s? even for the trials under microgravity conditions,
otherwise the results would overestimate the Leidenfrost temperature by a great margin. In terms of
results, the Berenson and the Henry laws subestimate the results for the lower mass fluxes, but give
good results for higher mass fluxes. Furthermore, the modification of the Henry law made by Brian
Verthier gives good results in the entire range of mass fluxes, which comes as no surprise given that the
correction made was precisely to fit our experimental data.

We can conclude from this that the models based on assumption of the hydrodynamic instability of
the liquid-vapour interface as the main factor triggering the rewetting process are more accurate than

the models using the metastable liquid instability hypothesis.

4.3.3 Critical Heat Flux

As it can be seen in figure 4.20, none of the correlations presented in 2.2.3 predicts accurately the

CHF in either gravity levels. In fact, all the correlations overestimate the CHF except for the Kutateladze
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Figure 4.19: Comparison of the several models/correlations to calculate the rewetting temperature with
the experimental data.

correlation in microgravity, which underestimates it.
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Figure 4.20: Comparison of the several models/correlations for the critical heat flux with the experimental

data.

As previously discussed, the instationarity can play an important role in the CHF. In other words, the

fact that the wall temperature is decreasing rapidly decreases the CHF. This was reported by Auracher

and Marquardt [48], whose results were obtained with the refrigerant FC72 and are presented in figure

2.4 in the chapter 2.2.3. The plot shows that for a wall cooling velocity of around 7°C/s, the CHF

decreased more than 25%. In our case, the wall cooling velocity is in the range of 10-15 °C/s depending

on the flow mass flux and subcooling, as it can be seen in figure 4.21.

6

5h

a4k

3k

oL

Wall cooling velocity [°C/s]

 Normal gravity: Tsub < 12

1" ./-/. Normal gravity: 12 < Tsub < 16
. . + Normal gravity: 16 < Tsub < 20|
.
101 .  Normal gravity: Tsub > 20
9 . . . . . . . . . .
0 200 400 600 800 1000 1200 1400 1600 1800 2000

Mass flux [kg/m?.s]

(a) Normal gravity

15.51

oA L
N
T

Wall cooling velocity [°C/s]

* Microgravity: Tsub < 12

* Microgravity: 12 < Tsub < 16 .

* Microgravity: 16 < Tsub < 20 e
Microgravity: Tsub > 20

L L
200 400

L L L L L L )
600 800 1000 1200 1400 1600 1800

Mass flux [kg/m?.s]

(b) Microgravity

Figure 4.21: Impact of flow mass flux and subcooling in the cooling velocity of the wall.

As aresult, Brian Verthier [16] proposed the correction presented in equation 4.1 in an effort to adapt

the correlations developed for the pool boiling case to the transient regime. The instationarity is taken

47



into account by the term 9T, /0t at the critical heat flux point, which is calculated using equation 4.2.
This correction was applied to the correlations tested and the results obtained were more accurate, as
expected. The plot of these results is presented in A. It was found that the best correlation was the one
from Haramura, which still overestimates the CHF but the error is always inferior to 30% in both gravity

levels and for the entire range of mass flux, as it can be seen in figure 4.22.
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Figure 4.22: Comparison between the experimental results and the results obtained with the Haramura
correlation multiplied by the instationarity correction.

4.3.4 Nucleate boiling

The figure 4.23 shows the comparison of the several models/correlations to calculate the heat flux

in the nucleate boiling regime with the experimental data obtained, both in normal gravity and in micro-
gravity.
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Figure 4.23: Comparison of the several models/correlations for the
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nucleate boiling regime with the

First of all, the accuracy of the various correlations seems the same in both gravity levels. Secondly,

it was found that the classical solution of using the Dittus-Boelter correlation along with the Rohsenow
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correlation to account for the forced convection and nucleate boiling, respectively, significantly overes-
timates the heat flux. Similarly to what happens for the CHF, the instationarity plays an important role
and it was reported a decrease of around 35% of the heat flux the nucleate boiling regime in the case
where the wall cooling velocity was approximately 7 °C/s. Considering that in our case the wall cooling
velocity is in the range of 10-15 °C/s (4.21), the decrease in the CHF is expected to be even higher. The
Chen correlation also overestimated the heat flux for the majority of mass flux range, and the correlation
for Klimenko underestimated significantly the heat flux.

Having said that, the correlation from Liu & Winterton predicts accurately the heat flux in the nu-
cleate boiling regime for the whole range of mass flux and in both gravity levels. Moreover, one of the
particularities of the nucleate boiling regime is the large variation of the heat flux with the wall superheat.
Hence, to verify if the correlation from Liu & Winterton predicted accurately the heat flux for the entire
nucleate boiling regime, the predicted boiling curve was compared with the experimental one, as it can
be seen in figure 4.24. The correlation predicts the heat flux with an error inferior to 30% for an interval
of wall superheat ranging from 30 to 65°C. More plots like this one are presented in A for both gravity

levels and different values of mass flux.
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Figure 4.24: Comparison of the predicted boiling curve with the experimental result, for the nucleate
boiling regime.
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Chapter 5

Conclusions

The objective of this internship was to study the modelling of the different boiling regimes during the
chill down of rocket engines by cryogenic fluid in microgravity. In particular, special focus was given
to the theoretical modelling of the film boiling regime, since it is the regime that impacts the most the
duration of the chilling process. Hence, a theoretical model coupled with the heat transfers in the tube
wall was developed and validated using the data obtained in the scope of the PhD thesis of Brian Verthier
[16], who designed and built at IMFT an experiment to study the quenching of a stainless steel tube by
HFE7100. Furthermore, the proposed model was also validated for cryogenic fluids, using the LN2 data
from Darr et al. [25]. For both type of fluids, the correlation is able to predict the heat flux within an error
margin always inferior to 30%.

In terms of qualitative results, it is possible to conclude that the increase of flow mass flux and
subcooling lead to an increase in the heat flux in all the regimes except for the nucleate boiling regime,
where this is not verified under microgravity conditions due to the dominance of the nucleate boiling
mechanism over the forced convection. In terms of gravity levels, a significant decrease of the heat
flux in the film boiling regime was found, especially for lower mass fluxes. For higher mass fluxes, the
difference in the heat flux gradually decreases. Moreover, the rewetting velocity is reduced to almost
half under microgravity conditions. In the other regimes, the influence of gravity is not well-defined.

From the bibliographic review made, we can conclude that our findings are in agreement with the
majority of the results reported. However, considering that some articles report results contrary to what
we found, namely regarding the rewetting velocity, in the future it would be advisable to conduct more
experiments to increase the data set and consolidate the results obtained in the chill down process

under microgravity conditions.
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Appendix A

Appendix

A.1 Bromley model applied to a flat surface

Velocity profile:

Boundary conditions:

Uyly=5 = U; = a1 +ag =1
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Therefore, the velocity profile is given by the following expression:
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Average velocity:
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_ur (o) 98
= e = 2 + (pv 1) 12v,
Mass flux:
iy — puburd + (o1 — po) bgd> (A7)
T2 PL=Po) 190,
Temperature profile :
T =T, + (Toar — T}) % (A.8)
Enthalpy balance:
dq = hATdA = 22 ATbdz = dinh?, < 6 = 202 (A.9)
J hy, ()
Therefore, we obtain:
3
. pobup ADAT (p1 — pu) bg | A\DAT
h?v (%) 12v, hikv (%) (A.10)
(A \® (= po)bg (ADATN®  pubug, AbAT [ diin)?
S m| —— = + —_
dzr 12v, hy, 2 hy, dx
Hypothesis: .
i Mres
dx - Lref
where:
Mref _ hATELTef
hl'u
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Substituting these expressions in equation A.10, we obtain:

2
. dm 3 (pl — pv) bg ADAT 3 N pvbuL ADAT ref
m —_ =
dzx 12’Uv hzkv 2 h?v Lref

- ~11/3
/s (A _ | (e = po)bg [ ADAT 3+ pobur, \OAT [ M, -
dxr 12'Uv hzkv 2 lv ref
: 3 s
1/3 . dm = (pl — pv) bg )\vbAT pvbuL Ay bAT re .
S din 120, m ) T2 Lres do &
M, L 3 27 1/3
ref ref —
- / /3 din = / (pl pv) bg (Avb*AT> + pvbuL Ay bAT M., di- o
0 0 12UU hlv ref
N b )\v 3 v re
- 3M4/3 (p1 — pv) by bAT n pubur Ay bAT ¥ Loos
ref 120, h, 2 Lyey
- 9 /4
(4 341 (1 = po) bg [ ADAT? | pobug ADAT M, YR
T3 120, hy, 2 B, \ Lyes ref
- 1/4
WATOL,e; (A" [ (o= pu) by (ADATN® | pobug ADAT h2AT2 TR
hizy 3 12v, hi, 2 hy, o (hg)? rel
eno (2 YN N pu(pr = po)ghi, L PPusdopohi, i o
3 2 6L,cr AT, Lyof AT
h4 16 )\vpv (pl pv)gh?v g hQU’LA'Up’Uh‘z(U
81 Ly ATuw 27 Loy AT

Using the quadratic formula, we can develop this equation further and find the following expression:

1/2
pv)gLrefAT

4 Avpuh} Ay
wrdopeltiy |y fy g 2 el ‘ (A1)
16 uLPvahfv

lv

~ 33\ LesAT
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A.2 Prediction of the wall’s temperature with time for the HFE7100

experiments

Microgravity conditions

Mass flux = 866 kg/mzs, Subcooling =15 °C
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Figure A.1:
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Normal gravity conditions
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Mass flux = 955 kg/mzs, Subcooling =15 °C
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Mass flux = 471 kg/mzs, Subcooling =13 °C
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A3

Prediction of the wall’s temperature with time for the

genic experiments

Mass flux: 308 kg/mzs
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A.4 Prediction of the nucleate boiling part of the boiling curve us-

ing Liu & Winterton correlation

5 «10% 0g, Mass flux = 1117 kg/mzs, Subcooling = 16 °C
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g <10° 1g, Mass flux = 1658 kg/m?s, Subcooling = 15 °C
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o x10* 1g, Mass flux = 663 kg/m?s, Subcooling = 16 °C
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A.5 Data from Auracher and Marquardt’

Boiling curves of FC-72 for transient cooling
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