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LUniv Lyon, CNRS, INSA-Lyon, CETHIL UMR5008, F-69621, Villeurbanne, France
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Abstract

An experimental study of R245fa two-phase flow in a 1.6 mm inner diameter circular channel is
presented in both adiabatic and diabatic conditions. The test section is composed of a sapphire tube
coated with ITO, which enables a total transparency of the evaporator. The effect of inclination on the
flow patterns and the pressure drops is presented and discussed for various vapour qualities and mass
velocities and a saturation temperature of 81°C, corresponding to a Bond number of 4.2. For each
experimental conditions, the pressure drops are measured and the flow is visualised under eleven
configurations of inclination from the vertical downward flow (-90°) to the vertical upward flow (+90°).
The flow pattern transitions are compared with two flow pattern maps available in the literature. The
effect of the heat flux on the flow patterns is analysed and shows the disappearance of the stratified flow
for the downward flows in the case of low-inertia flows. A study of the effect of the inclination on the
total and frictional pressure gradients is also led. The observations are compared with several models of
the literature. These models show a good agreement to predict the pressure gradient for upward flows.
Finally, the effect of the heat flux on the pressure drop variations with inclination is analysed. It shows
a general increase of the pressure drops due to gravity and frictional forces with the heat flux for low

vapour qualities, whatever the considered inclination. This offset decreases with the vapour quality.
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Nomenclature
Roman Letters Dimensionless numbers
d diameter (m) Bd Bond
G mass velocity (kg.m2.s?)
L length (m) Subscripts
P pressure (Pa)
S symmetry (-) bottom bottom
T temperature (K) frict  frictional
u velocity (m.s?) grav  gravitational
X vapour quality (-) h homogeneous
z abscissa (m) in inlet
lig liquid
Greek Letters lines  lines
meas measured
S inclination angle (rad) mom  momentum
e void fraction (-) 0 only
p density (kg.m) out  outlet
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o surface tension (N.m) pred predicted

0 heat flux (W.m2) sat saturation
@ two-phase flow multiplier (-) test  test

top top

tot total

vap  vapour
ap differential pressure taps

1  Introduction

Flow boiling is encountered in many industrial applications, especially those which imply
thermodynamic cycles or high power dissipation systems with evaporators. The efficiency of these
systems depends on the geometric configuration of the evaporator. In the case of embedded applications
such as heat recovery of truck exhaust gas with Organic Rankine Cycles [1], the various components
have to be miniaturised and the geometry is more complicated. Consequently, the effect of the
geometrical configuration, especially the confinement and the inclination angle, has to be understood to
predict the global efficiency of these systems.

Many studies available in the literature deal with the effect of the experimental conditions on the
pressure drops and the flow patterns for both adiabatic and diabatic two-phase flows. However, as
mentioned in the review of Lips and Meyer [2], the large majority of these studies were carried out for
horizontal or vertical flows.

One of the first substantial studies about the modelling of the flow pattern transitions in inclined tubes
was led by Taitel and Dukler in 1976 [3]. By considering a model of smooth stratified flow in near
horizontal downward flows, the authors analyse the effect of the inclination angle in terms of
destabilisation of the liquid-vapour interface. Later, the mechanistic model of Barnea [4] introduces
other physical mechanisms as droplets abduction to explain the observed transitions for the whole range
of inclinations. Both models were developed with data obtained for adiabatic air-water flow in macro-
channels (25.5 mm and 51 mm in [4]).

Weisman and Kang [5] studied experimentally the effect of the inclination on the flow pattern transitions
in the case of a R113 saturated flow. The tests were carried out for upward flows in channels of 25 mm
and 38 mm inner diameter and were completed by the study of Crawford et al. [6] for downward flows.
These studies enabled to develop an empiric model predicting the flow patterns for the whole range of
inclination.

In diabatic configuration, the studies of Bhagwat and Ghajar [7,8] and Mohseni and Akhavan-Behabadi
[9] were published more recently. Bhagwat and Ghajar [7,8] presented a study about heated air-water
flow pattern transitions in a 12.7 mm inner diameter channel while Mohseni and Akhavan-Behabadi [9]
study deals with R134a flow boiling in a 8.9 mm inner diameter channel. Both studies show a certain

agreement with the observations which were previously done in adiabatic configuration with a



pronounced effect of inclination on flow patterns for low-inertia flows. However, like most studies of
the literature, the visualisation section of Mohseni and Akhavan-Behabadi [9] is located at the outlet of
the test section. Consequently, the flow in the evaporator and the effect of heat flux cannot be directly
analysed.

Several solutions were proposed in the literature to assess this problem. In the case of a rectangular
channel, Ozer et al. [10] studied the evaporator temperature field with liquid crystal thermography,
which enables the use of a transparent evaporator. However, only one side of the evaporator can be
heated in the proposed configuration. Another solution was proposed by Narcy et al. [11] in the case of
HFE7100 flow boiling in a 6 mm inner diameter circular channel. In this study, the evaporator is made
of a sapphire tube with an ITO coating. The evaporator is then heated by Joule effect while being fully
transparent. The test section also enables to measure the pressure drops in an adiabatic section located
at the outlet of the evaporator.

Like the flow pattern transitions, the effect of the flow parameters on the pressure drops was largely
investigated in horizontal and vertical orientations. However, the role of the gravity force orientation on
the pressure drops is not well understood. Only a few studies dealing with this topic are available. The
studies of Lips and Meyer [12] and Adelaja et al. [13] on flow condensing of R134a can be mentioned.
Bhagwat and Ghajar [7,8] studied the effect of inclination on the pressure drops in heated air-water
flows. All these studies show a significant effect of the inclination on the pressure drops for low-inertia
two-phase flows. However, there is a lack of diversity in the literature configurations, especially in terms
of confinement, and no general conclusion can be drawn.

The present article is based on two test campaigns led on the effect of the inclination on flow boiling of
R245fa in a transparent evaporator. The experimental setup and the experimental database are presented
in the first section. The effects of the inclination on the flow patterns and the pressure drops are presented
respectively in the second and third sections in both adiabatic and diabatic conditions. In these two parts,

comparisons are made with models available in the literature.

2  Presentation of the experimental setup and database

2.1  Description of the test section

The experimental setup used in the current study is adapted from the test bench of Charnay et al. [14].
This test bench enables the study of flow boiling of R245fa by controlling the saturation pressure with
the two-phase tank and the mass velocity with a gear pump and a micro-valve (Figure 1). The study of
the flow patterns and the pressure drops is led by the mean of a test section presented in Figure 2. The
test section is composed of an inclinable aluminium frame which supports the loop, composed of a
preheater and an evaporator. A LED and a high-speed camera are used to study the flow patterns directly
in the evaporator. The 2000 mm stainless steel preheater is heated by Joule effect, which enables the

control of the vapour quality at the inlet of the evaporator. Due to the low mass velocities and the low



heat rates ( < 15 W) which were considered in the present study, the calculation of the inlet vapour
quality required to take into consideration the preheater heat losses. The final error on the energy balance
was less than 10%. Layssac [15] provides more details about the methodology to calculate the heat

losses.
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Figure 2: Schematic of the inclinable test section (top view)

The transparent evaporator, presented in Figure 3, enables the study of R245fa saturated two-phase flow
in adiabatic and diabatic conditions. It is composed of a sapphire tube whose length is 200 mm + 1.0

mm and inner diameter is 1.6 mm £ 0.15 mm. The sapphire tube is recovered with a 1 um thickness
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transparent conductive 1TO coating. In the present study, its resistivity is equal to 450 + 10 Q. Due to
the variability of the ITO resistivity with the temperature and aging, both supply tension and intensity
had to be passively controlled during the test campaign. This experimental process enables the study of
the effect of the heat flux on flow patterns and pressure drops.

The pressure drop between the inlet and the outlet of the evaporator is measured with a Keller KE23D
differential pressure transducer ranging 0 — 200 mbar. The distance between the two pressure taps is 270
mm. The pressure drop measurement uncertainty is + 0.40 mbar. Since the sapphire tube is not thermally
insulated, a thermal model is used to take into account the heat losses and to be able to calculate the
vapour quality. As for the preheater, the error on the energy balance in the evaporator is less than 10%.
The two energy balances result in a mean vapour quality uncertainty of = 0.05. The control of the
saturation conditions is ensured at the inlet of the evaporator with a K type thermocouple whose

uncertainty is £ 0.25 K and an absolute pressure transducer whose uncertainty is 0.07 bar.
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Figure 3: Photo (a) and schematic (b) of the evaporator

2.2  Experimental conditions

Two test campaigns were led with a mean saturation temperature of 81°C in adiabatic conditions and
with a heat flux of 13.5 kW.m. The choice of these parameters was motivated by considerations about
the heat transfer coefficient uncertainty and the heterogeneity of the ITO coating. For each set of mass

velocity and vapour quality, the pressure drop was measured and the two-phase flow was visualised for



inclination angles of -90°, 60°, -45°, -30°, -15°, 0°, 15°, 30°, 45°, 60° and 90°. The ranges and the
fluctuations of the experimental parameters for each angle of inclination are summarised in Table 1. The
fluctuations are calculated as the mean standard deviation of each series of experiment made with a
given mass velocity and vapour quality.

Table 1: Ranges of experimental parameters

Heat flux density ¢ =0 KkW.m? ¢ = 13.5 kW.m? Fluctuations
Number of data points 176 198 -
Hydraulic diameter d 1.6 mm 1.6 mm -
Saturation temperature Tsat 80.9°C 80.9°C 0.2°C
Mass velocity G 100 — 300 kg.m2.s* 150 - 300 kg.m2.s* 3 kg.m2st
Vapour quality x 0.06 — 0.67 0.03 —0.85 0.01
Inclination angle -90 — 90° -90° — 90° <0.5°

In the case of an imposed heat flux, it is noticeable that the flux is sufficiently low to avoid a too large
variation of vapour quality in the test section. With a mass velocity of 150 kg.m2.s%, a heat flux density
of 13.5 KW.m?results in a difference of vapour quality lower than 0.15 between the inlet and the outlet
of the evaporator. The vapour quality is then calculated at the middle of the evaporator where the flow
is visualised, which enables an easy comparison of the adiabatic and diabatic results.

The current ranges of experimental parameters focus on the low inertia driven two-phase flow. This is
motivated by the fact that the inclination affects the two-phase flow when the gravity forces are strong
compared to the inertia forces, which corresponds to a low vapour Froude number. Additionally, the
configuration of the study is also characterized by a low diameter compared with the previous studies
dealing with the effect of inclination on two-phase flows. In the present study, the Bond number is equal
to 4.2, which corresponds to the case of a mini-channel. According to the literature review of
Karayiannis et Mahmoud [16], the present tube diameter indeed typically corresponds to the transition
between micro and macro channel, even if no general consensus can be found on the accurate value of
this transition. The Bond number is calculated as follows:

_ g(pliq - pvap)dz
N o

Bd

)

It enables the study of the effect of gravity forces for a relatively high confinement.

2.3 Flow pattern characterization

An optical measurement technique was previously developed by Donniacuo et al. [17] to measure the
two-phase flow liquid film thickness in a 2.95 mm diameter glass tube. This method was adapted to the
present configuration. For each experimental condition, a set of 1363 frames is recorded with an

acquisition frequency of 2000 frames.s™, a mean resolution of 200 pixels.mm™ and a greyscale pixel



depth of 256. It typically corresponds to a recording type of about 0.7 s, which is sufficient to describe
the flow as no fluctuation having a higher time period was observed.

This technique is completed with a post-processing using Matlab, which enables to obtain the symmetry
and the proportion of the liquid plugs of the flow.

The Matlab program used for the estimation of the two-phase flow symmetry is described in Layssac et
al. [18]. A symmetry parameter s is introduced to represent the symmetry level of the two-phase flow,
defined as follows:

thottom — ttop
" @

where toorom and tiop are respectively the bottom and top liquid film thicknesses.

s=1-

It is equal to 1 when the two-phase flow is symmetric. The limit case of s = 0 corresponds to an almost
fully liquid flow with very small bubbles vanishing at the top inner wall.

The proportion of plugs is then calculated for each frame sequence, which corresponds to the percentage
of frames where a liquid plug is present. This parameter is calculated by considering the fact that when
a plug is observed, the frame is brighter and the mean value of the frame pixels is consequently higher.
Once the symmetry parameter and the proportion of plugs are obtained, three flow patterns are defined
and characterized: intermittent, stratified and annular flows. The two quantitative criteria defined to
discriminate the flow patterns are presented in Table 2.

Time evolution frames with detected profiles of vapour-liquid interfaces are also presented in Table 2.
The time evolution frame is obtained by extracting the profile at the middle abscissa for each frame of
the acquisition sequence. All the profiles are disposed side by side. An image of the time evolution of
the flow is then readable by considering the evolution of this image with its abscissa. This method
enables to have a global view of the evolution of the flow during the recording time. Videos of
intermittent, stratified, and annular flows are provided in Electronic Annex 1. These videos present the

flow with a scrolling frequency of 25 frames.s™, which corresponds to a slowing factor of 80.

Table 2: Quantitative criteria for flow pattern characterization
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2.4  Mean pressure gradient calculation

The mean pressure gradient inside the evaporator is deduced from the measurement of the Keller KE23D
differential pressure transducer. The calculation of the evaporator pressure drops (4Ptest) requires taking
into consideration the hydrostatic pressure drops inside the pressure lines (4Piines) (Figure 3) connecting
the taps to the transducer as follows:

APiose = APpeas + APjines €))
Since R245fa is liquid in the pressure lines, the pressure drop in the lines is calculated as:
APjipes = pliquApSinﬁ (4)

where L is the distance between the two pressure taps.

Consequently, the mean total pressure gradient in the evaporator is obtained with the following equation:

dPtOt — APmeas
dz Az

+ ,Dlinginﬁ (5)

To be able to compare the experimental results to models available in the literature, the pressure gradient
due to the frictional forces only is also calculated. The total pressure drop is generally considered to be
composed of three terms, which come from the gravity forces (4Pgyrav), the frictional forces (4P#ic), and

a momentum term (4Pmom):
APy = Apfrict + APgrav + APnom (6)

The momentum term APmom IS estimated as:

_ | A—x)? x? > _< (1-x)° x? > ]
APpom = G Kp”q (1—€)+Pvap€ » pliq(1—5)+ Poap€) @)

The pressure drop due to the gravity forces is calculated with the following equation:

APyray = [epvap + (1 = €)piig)gLapsing )
Consequently, the calculation of the two previous terms requires the knowledge of the mean, inlet and
outlet void fractions inside the evaporator. Since the confinement is particularly pronounced in the
present study, it has been chosen to avoid any void fraction direct measurements. The void fraction is
thus calculated with the model of Bhagwat and Ghajar [19] which is the only model taking into
consideration the effect of the inclination on the void fraction for the whole range of inclination. This
choice is discussed in more details in section 4.1.

In the case of a diabatic flow, the acceleration term is then calculated and is equal to -0.1 kPa.m™ with
a mass velocity of 150 kg.m?2.s? and -0.3 kPa.m? with a mass velocity of 300 kg.m2.s™. Due to the
range of total pressure gradient of the present study, this term is systematically neglected for the
calculation of the pressure gradient due to frictional forces.

The pressure gradient due to frictional forces is then calculated as follows:



deT'lCl' _ APreas
dz LAp

+ g(pliq - pvap)gsmrﬁ (9)

Unlike the total pressure gradient, the uncertainty for the estimation of the pressure gradient due to the
frictional forces mainly comes from the void fraction estimation of the model of Bhagwat and Ghajar
[19], The void fraction uncertainty from this model is 30% for void fractions lower than 0.5, 20% for
void fraction between 0.5 and 0.75 and 7.5% for void fraction higher than 0.75. In the present study, the
main uncertainty of the pressure gradient due to the frictional forces is around 0.7 kPa.m™ while it is

around 0.4 kPa.m* for the total pressure gradient.

3  Effect of inclination on flow patterns

3.1 Adiabatic flow pattern transitions

The three flow patterns observed during the adiabatic flow test campaign were intermittent, stratified
and annular. Negative angles correspond to the cases of downward flows while positive angles
correspond to upward flows. The intermittent flow pattern is characterised by the alternation of liquid
plugs and vapour slugs and mostly appear for low vapour qualities (< 0.2) in the case of vertical
downward flow (f = -90°) and upward flows (8 > 0°). The stratified flow pattern is characterised by the
presence of a vapour core at the upper part of the flow, slightly eccentric in the present case, and mostly
appears for low vapour qualities (x < 0.2), low mass velocity (G = 150 kg.m2.s?) and downward or
horizontal flows (-60° < 8 < 0°). The annular flow pattern, characterised by a centred vapour core flow
surrounded by a liquid film, is mainly observed when the vapour quality is higher than 0.2. Matrixes of
time evolution frames are presented in Electronic Annex 2 for mass velocities of 100, 150 and 300 kg.m
2gt,

The variations of the flow patterns with the inclination angle and the vapour quality for mass velocities
of 100, 150 and 300 kg.m2.s* is summarized in Figure 4. In the case of a mass velocity of 100 kg.m2.s"
! the data points are obtained only for vapour qualities lower than 0.3 due to problems of dynamic
stabilization of the flow with the present test bench. As previously observed by Lips and Meyer [20] in
the case of R134a condensation, it is observed that inclination affects the flow patterns only for low
vapour qualities (x < 0.3) and low mass velocities (G = 100 and 150 kg.m2.s?). It may be explained by
the fact that the two-phase flow orientation has an effect on flow patterns only when the gravity forces
are not negligible compared to the inertia, shear and capillary forces. When the vapour quality and the
mass velocity increase, the vapour inertia increases and the flow becomes annular, being insensitive to

orientation.



A Intermittent W Stratified ® Annular

1

7 OB

ey

§0.6

(@ p

3 04

S o ©0gmAEAgO

" 020 ©©® HmAANAG®
A O H g A A A A,
O 1 I 1
90 -60 -30 0 30 60 90

Inclination angle [°]

a) G=100kg.m2s?

A Intermittent M Stratified ® Annular
|

— 0.8}
ey
5060 ®e®®e ,o00
2 0.4e 00 g0 %90 4909
§ o ®emoel 0,0
C A
02 gNEzi242.
A AmmALaia,
3 ‘ ‘ ‘
9 60 -30 0 30 60 90
Inclination angle [°]
b) G=150kg.m2s?
1
8|
z
S060 e©0e0g0g0 ©
(o g
504 e©e000ge00e®
= @ 0o ®©0 0000 O
> 0.0 LA NTHE RN NFX
A A A A
Oﬁ A:tA:f:AA
9 -60 -30 0 30 60 90

Inclination angle [°]

c) G=2300kg.m2st

Figure 4: Variations of the flow patterns with the vapour quality and the inclination angle with G =
100 kg.m2.s? (a), G = 150 kg.m2s? and G = 300 kg.m?2.s? (c) (¢ = 0 kKW.m?)

10



3.2 Comparison with models available in the literature
A few flow pattern maps were proposed in the literature to predict the evolution of the two-phase flow
patterns with the inclination angle. In the present study, it is proposed to compare the experimental
results with the predictions of Barnea [4] and Crawford et al. [5,6] models.
Barnea [4] flow pattern maps are based on a mechanistic model which was developed with air-water
flow experiments for channels of 25.5 and 51 mm of inner diameter. It enables to take into account the
transitions between smooth stratified, wavy stratified, annular, churn, slug-plug, dispersed bubbly and
elongated bubble flows. To simplify the presentation of the results and to match with the present criteria,
these flow patterns are gathered into three categories, namely:

- Stratified flows (S), gathering smooth and wavy stratified flows

- Annular flows (A), regrouping smooth and wavy annular flows

- Intermittent flows (1), gathering slug-plug and elongated bubble flows
It is noticeable that in the present study, dispersed bubbly and churn flows were not observed, which
can be explained by the low diameter of the evaporator.
Figure 5 presents the comparison between the observed flow patterns and the predictions of Barnea [4]
flow pattern transition model. Although this model was obtained under conditions which are far from
the present one (macro-channel, air-water flow), it predicts well the flow pattern transitions, especially
the intermittent-annular one. The majority of the stratified flows are well predicted except for those
which were observed for upward flows (4 = 0° and 30°). However, it is remarkable that these flows were
already observed in the literature [21,22] and actually correspond to a limit case of a slug-plug flow
where the bottom liquid does not manage to reach the top of the flow. These flows were named proto-
slug by Nicholson et al. [21].
The good agreement between the model of Barnea [4] and the experiments, despite the fact that this
model was develop for other configuration, tends to show that the mechanisms considered in the model
were well identified. According to Barnea [4], the transition between stratified and non-stratified
regimes is mainly due to the Kelvyn-Helmholtz instabilities which are strongly affected by the liquid
film thickness, and thus the tube inclination, through the liquid hold-up. According to the same author,
the transition between annular and intermittent regimes is mostly due to the blockage of the gas core
and to the circumferential instabilities of the annular liquid film flowing downward near the wall. This
one is actually only affected by the inclination angle for low mass fluxes as for high mass fluxes, the
shear stresses dominates the gravitational forces. This effect seems to be well predicted by the model of
Barnea [4].

11
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Figure 5: Comparison of experimental flow patterns with Barnea [4] flow pattern maps

Figure 6 shows the comparison between the observed flow patterns and the predictions of Crawford et
al. [5,6] flow pattern transition model. This empirical model was developed from the visualisation of
R113 saturated two-phase flows in two different macro-channels of 25 mm and 38 mm. A worse
agreement is observed between the predictions of Crawford et al. [5,6] model and the experimental
database. Especially, this model does not consider the effect of the inclination on the intermittent to
annular flow transition while it was observed during the test campaign. It may be explained by the fact
that contrary to the model of Barnea [4], more empirical dimensionless correlations were used to develop

this model and its predictions cannot be extrapolated for configurations for which it was not developed.
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Figure 6: Comparison of experimental flow patterns with Crawford et al. [5,6] flow pattern maps

As a conclusion, the mechanistic flow pattern transition model of Barnea [4] predicts well the flow
patterns in the present configuration while the empirical model of Crawford et al. [5,6] is less accurate,
especially for near vertical orientations. It seems that the physical equilibria taken into consideration in
the model of Barnea [4] describe well the actual phenomenology. Consequently, the pronounced

confinement in the present configuration slightly affect the transitions compared with the reference

macro-channel case of Barnea [4], which is consistent with the intermediate Bond number equal to 4.2.

3.3  Effect of heat flux on flow pattern transitions

Owing to the transparency of the evaporator, the flow can be directly visualised while the evaporator is
heated by Joule effect. It enables the observation of the effect of heat flux on the two-phase flow patterns.
Figure 7 shows representative frames of intermittent flows (G = 150 kg.m2.s?, x = 0.06, A = 45°) and
annular flows (G = 150 kg.m?2.s?, x = 0.5, # = 45°) in the case of an adiabatic flow (a) and with an

imposed heat flux of 13.5 kwW.m2 (b). Corresponding videos are provided in Electronic Annex 1.
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The comparison of the frames in the case of an intermittent flow shows that the heat flux clearly affects
the flow, which is due to the nucleation phenomenon. Small bubbles are created by nucleation, which
leads to a larger diversity of bubble sizes compared to the adiabatic case where bubbles are able to
coalesce into a long slug.

In the case of an annular flow, the flow is slightly affected by the heat flux. Nucleation appears to affect
the flow by the creation of small bubbles. However, the intensity of the phenomenon is clearly lower
compared to the intermittent case. It can be explained by the fact that nucleation intensity decreases
when the film thickness decreases, leading to a lower local overheat.

G =150 kg.m2.s%, x = 0.06, S = 45° G =150 kg.m?2.s1, x=0.5, f = 45°

a) ¢=0kw.m?

¥
-
(8
A
-
e

b) ¢ =13.5 kW.m?

Figure 7: Example of the heat flux effect on the flow pattern ; representative frames of the flow
without heat flux (a) and with a heat flux of 13,5 kW.m (b)

The effect of heat flux on the flow pattern maps is summarized on Figure 8 for mass velocities of
150 kg.m2.s? (a) and 300 kg.m2.s? (b). Graphs of Figure 8 show the occurrence of flow patterns in the
case of adiabatic flow (filled regions A, S 1) compared with the case of an imposed heat flux of
13,5 kW.m2 (markers). The heat flux clearly affects the flow pattern transitions in the case of a mass
velocity of 150 kg.m2.s. In the conditions of the present experiments, the stratified flow pattern,
observed in adiabatic conditions is no longer observed when a heat flux is imposed. The nucleation
seems to perturb the flow, which prevents the formation of this flow pattern. However, this observation
cannot be generalized to bigger tube as for macro channel, stratified flow regime can be observed even
when boiling occurs. There must be a threshold value of tube diameter (or Bond number) that leads to
the behaviour observed in the present study. To quantify this phenomenon, it should be interesting to
study the effect of nucleate boiling on the flow stability and to include this mechanism in the flow pattern
map of Barnea [4]. According to the mechanisms already considered by the latter, the nucleate boiling
can either affect the Kelvyn-Helmholtz instabilities, or generate another type of instability.

Although the heat flux clearly affects the flow pattern transitions for the low vapour inertia cases, the

intermittent to annular transition does not seem particularly impacted by the nucleation in the present
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study. It could be explained by the fact that nucleate boiling does not affect the radial instabilities of the
annular liquid film, which is the main mechanism considered by Barnea [4] for this transition.
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Figure 8: Variations of the flow patterns with ¢ = 13,5 kW.m? compared to the adiabatic
conditions

As a conclusion, the study of the effect of the heat flux on the flow pattern transitions in the case of a
confined inclined flow shows clear differences between adiabatic and diabatic cases. As a consequence,
considering an adiabatic flow pattern model to estimate the heat transfer coefficient does not seem much
appropriate. More data points, obtained in various experimental conditions, are required to understand
the interaction between nucleation and two-phase flow, especially concerning the effect of the heat flux
intensity and the tube diameter. It highlights the importance of using transparent evaporator in order to
enable a good description of the flow configuration.
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4  Effect of inclination and heat flux on the pressure drops

4.1  Void fraction prediction in inclined flow

According to equations (6), (7) and (8), the calculation of the momentum, gravitational and frictional
pressure drops requires the knowledge of the void fraction. Among the several kinds of models of the
literature used for the prediction of the void fraction, the drift flux models of Rouhani and Axelsson
[23], for vertical flows, and Steiner [24], for horizontal flows are largely employed. Due to the recent
development of inclined experimental setups, the model of Bhagwat and Ghajar [19] is the only model
to predict void fraction for the entire range of inclination.

The experimental determination of the void fraction is very difficult but an estimation can be calculated
by means of an image processing in the case of intermittent or annular flow. In the present section, the
small tube diameter does not enable an accurate determination of the liquid film thickness for annular
flow and it is thus proposed to compare the accuracy of the models of the literature [19,23,24] with void
fraction calculations made with the intermittent flow data only.

In the case of a plug/slug flow pattern, the void fraction can be calculated from the slug velocity as

follows:

xG

°7 PvapUsiug (10)
where Usiyg is the velocity of the slug.

The slug velocity is obtained from a frame post-processing with Matlab. The apparition of the plugs is
detected with the same considerations as previously presented. When a plug/slug interface is detected,
the velocity of the slug, considered equal to the interface velocity, is calculated by cross correlating the
frames and then calculating their delay. The variations of the calculated void fraction with the inclination
angle is compared with the evolution predicted by the models of Bhagwat and Ghajar [19], Rouhani and
Axelsson [23], Steiner [24] and the homogeneous flow model in the Figure 9 in the case of a flow whose

mass velocity is 150 kg.m.s* and vapour quality is 0.08.
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Figure 9: Variations of the void fraction with the inclination angle for a mass velocity of 150 kg.m2.s*
and a vapour quality of 0.08; comparison of the experimental results with three predictive models

The void fraction measurements are subject to important uncertainties, which are mainly due to the
relative uncertainties on the vapour quality and on the tube diameter. Despite these high uncertainties,
Figure 9 shows a weak evolution of the void fraction with inclination, which is well predicted by
Bhagwat and Ghajar [19] model. The three drift flux flow models are in good agreement with the
calculations contrary to the homogeneous flow model. This observation can be enlightened by the fact
that slip ratios were observed to be higher than 1.4 for all the experimental data, which is inconsistent
with the main hypothesis of the homogeneous flow model. The models accuracy is analyzed by
representing the evolution of their predictions as a function of experimental void fraction in Figure 10
and by considering their Mean Absolute Percentage Error (MAPE) for the present dataset. MAPE is

defined as follows:

1
MAPE = — Z
N

where N is the sample size.

Epred — €meas

(11)

gmeas
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Figure 10: Statistical analysis of the void fraction models

The chart of Figure 10 shows the three drift flux models sensibly have the same accuracy to predict the
void fraction. Consequently, in the present work, the model of Bhagwat and Ghajar [19] is chosen to
calculate the gravity and momentum terms of pressure drop, this model being the only one taking into
consideration the effect of inclination.

4.2 Experimental study of adiabatic flows

The total and frictional pressure drops inside the evaporator are affected by experimental conditions,
especially its orientation in the case of an adiabatic flow. Figure 11 presents the evolution of the total
and frictional pressure gradients (respectively (a) and (b)) as a function of the sinus of the inclination
angle for various vapour qualities and a mass velocity of 150 kg.m2.s™,

As previously observed for flow patterns, Figure 11 (a) shows the pressure drop is particularly affected
by orientation for low-inertia flows corresponding to a vapour quality lower than 0.3. A transition
appears for an angle of -15°: the total pressure drop remains almost constant for lower angles while it
clearly increases for higher angles. This behaviour was previously observed by Spedding et al. [25] in
the case of an adiabatic air-water flow and by Lips and Meyer [20] in the case of R134a condensation
in macro-channels. It is linked to the observed transition between stratified and intermittent flows.
Concerning the frictional pressure gradient presented in Figure 11 (b), a transition is also observed
between downward flows and upward flows. For low-inertia flows, the frictional pressure gradient
decreases for downward flows (5 < 0°) and its variations are less pronounced for upward flows (5 > 0°).
For vapour qualities higher than 0.3 (Figure 11), the vapour inertia forces are stronger, the two-phase
flow is annular and both total and frictional pressure drops depend only slightly on the inclination.

The observations for both frictional and total pressure gradient made with low vapour qualities in the
case of a mass velocity of 100 kg.m2.s* (Figure 12) are consistent with those made with a mass velocity

of 150 kg.m2.s1. Moreover, it is noticeable that in the case of a flow with a mass velocity of 100 kg.m"
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2.5t and a vapour quality of 0.09, the calculated frictional pressure gradient is negative for inclination
angles of 60° and 90°. This is apparently due to the calculation of this term which depends on the void
fraction. The uncertainties on the estimation of the void fraction for low vapour qualities may affect the
calculation of the frictional pressure drop and then results in a negative value.
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Figure 11: Variations of the total pressure gradient (a) and the frictional pressure gradient (b)
as a function of the inclination angle for a mass velocity of 150 kg.m2.s?
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Figure 12: Variations of the total pressure gradient (a) and the frictional pressure gradient (b)
as a function of the inclination angle for a mass velocity of 100 kg.m2.s*

Figure 13 shows the variations of the total (a) and the frictional (b) pressure gradients with inclination
for various vapour qualities and a mass velocity of 300 kg.m2.s. Due to higher vapour inertia, a lower

effect of inclination on pressure drops is observed.
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Figure 13: Variations of the total pressure gradient (a) and the frictional pressure gradient (b)
as a function of the inclination angle for a mass velocity of 300 kg.m2.s?

To conclude, the pronounced variations of the pressure drops with inclination for the low-inertia flows
show the importance of the gravity forces on the pressure drops in the present case. Although the
confinement is more pronounced than in the literature, the pressure drops are influenced by the gravity
field orientation in the present study, showing macro-channel behaviour. However, more experiments
are required to define accurately the transitions between the various behaviours available in the

literature.

4.3  Comparison with pressure drop models

The present total pressure drop dataset is compared with various models of the literature. Three kinds
of models are considered: homogeneous flow models, separated flow models and the empirical model
of Beggs and Brill [26]. For each model, the accuracy is analyzed in terms of Mean Absolute Error
(MAE), Mean Error (ME), Percentage of Experimental Data Captured within = 50% (PEDC50),
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Percentage of upward flow (8 > 0°) Data Captured within + 50% with (PEDC50+), and Percentage of
downward flow (5 < 0°) Data Captured within + 50% (PEDC50-). The MAE and ME are calculated as
follows:

1
MAE = N ZlAPpred - APmeas| (12)

1
ME = N Z(APpred — APeas) (13)

The choice of absolute statistical indicators as MAE and ME is motivated by the fact that the
experimental total pressure drop can be negative because of the gravitational pressure drop, which
forbids to use MAPE, defined as:

1 APpred—APmeas
MAPE = >3, |~Cured—tneas (14)

APmeas
However, the accuracy of the models can still be compared by this mean. Percentage of Experimental
Data Captured is used to keep information about the accuracy of the correlations in terms of relative
indicator.
The predictions of ten homogeneous flow models, twelve separated flow models and the model of Beggs
and Brill [26] were tested. The results in terms of statistical indicators are presented in Table 3.

Table 3: Total pressure drop (4Pi:) prediction accuracy of ten homogeneous flow models (¢ = &) and
twelve separated flow models (& = eghagwat)

MAE [Pa] ME [Pa] PEDC50 [%] PEDCS0+[%] PEDC50- [%]

Homogeneous flow

McAdams et al. [27] 759 -759 81 97 63
Cicchiti et al. [28] 623 -622 75 95 54
Dukler et al. [29] 785 -785 80 98 58
Beattie and Whalley [30] 716 -716 73 88 56
Lin et al. [31] 837 -837 71 92 47
Fourar et Bories [32] 709 -709 79 92 64
Davidson et al. [33] 7845 7805 14 19 8
Garcia et al. [34] 806 -806 78 97 55
Awad and Muzychka 1 [35] 626 -626 74 93 53
Awad and Muzychka 2 [35] 794 -794 78 98 55

Separated flow

Lockhart and Martinelli [36] 408 148 72 85 56
Friedel [37] 532 -498 85 98 69
Miiller-Steinhagen and Heck [38] 655 -644 78 100 54
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Mishima et al. [39] 1419 -1413 15 27 0

Tran et al. [40] 604 470 69 83 53
Chen et al. [41] 1298 -1292 18 34 0
Yu et al. [42] 1552 -1547 10 19 0
Hwang and Kim [43] 1230 -1224 20 37 0
Li and Wu [44] 604 -566 80 99 58
Zhang and Webb [45] 781 -768 73 99 42
Li and Wu [46] 694 633 59 66 51
Kim and Mudawar [47] 567 -552 83 100 63
Beggs and Brill [26] 213 -141 89 100 76

In the case of the homogeneous flow models, it is supposed that the two phases are flowing at the same
velocity. Consequently, a two-phase flow Reynolds number is considered to calculate the fanning
friction factor fy:

derict _ thsz
dz Prpd (15)

X 1-x
+
Pvap Pliq

-1
where pg,, = [ ] is the two-phase density.

The expression of the Reynolds number is the following one:
Re, = od (16)
Hep

where uyp, is the two-phase flow dynamic viscosity.

Each homogeneous flow model is defined by the chosen expression of this viscosity. This expression
depends on the phase viscosities, on the vapour quality and eventually on the phase densities
([29,30,32,34]). Consequently, all these models, developed with horizontal and vertical data, do not take
into account the effect of inclination. The total pressure drop is then calculated by summing the
calculated frictional term with the gravitational one considering the homogeneous void fraction (en)

expression:

dPtot derict .
( dz )h = < dz . + [Shpvap + (1 - Sh)pliq]gSln.B (]_7)

with &), = [1 + (=) ”'ﬂ]_l

X Pliq

In the case of a separated flow model, the liquid and vapour phases are considered to separately flow in
two different channels. Except in the case of Muller-Steinhagen and Heck model [38] where the two-
phase pressure drop is calculated from the limit cases of liquid only and vapour only flows, a two-phase

multiplier is used to calculate the two-phase pressure drop from the one-phase case (liquid or vapour):
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dPs,; dPs,; dPs,;
frict frict ; 2 frict ;
< dz > < dz ) ta < dz > 2 ( )
tp lig vap

or

dP 1 t dP i t dP 1 t
<%> = <%> (’Dlziq,o = ( (j;;w ) ¢172ap,o (19)
tp lig,o vap,o

where @iig and @y are respectively the liquid and vapour two-phase multipliers. @iigo and Pyap,o are the

liquid only and vapour only two-phase multipliers.

The total pressure gradient is then calculated by summing the frictional contribution coming from the
model and the gravitational pressure gradient. In the present study, this last term is calculated
considering the void fraction correlation of Bhagwat and Ghajar [19].

Among the homogeneous flow models tested, the model of Dukler et al. [29] presents the best agreement
with the experimental data in terms of percentage of experimental data captured. The models of Friedel
[37] and Kim and Mudawar [47] are the best separated flow models tested. Whatever the tested model,
the predictions are always better for upward flows than for downward flows since PEDC50+ is
constantly higher than PEDC50-. It is consistent with the behaviour of the frictional pressure drop.
Inclination slightly affects frictional pressure drops for the horizontal and upward flows while in the
case of a downward flow, it strongly depends on the inclination. Consequently, these models being
mainly developed from horizontal datasets, they predict well the effect of inclination on the total
pressure drops only for the upward flows.

The separated flow and homogeneous flow models do not take into account the effect of inclination on
the frictional pressure gradient. Among the few models taking into consideration the effect of inclination
for the prediction of the pressure drop [3,26,48], the model of Beggs and Brill [26], developed with air-
water flows in macro-channels of 25.4 and 38,1 mm inner diameter, is tested in the present study.
Inclination is taken into account for the calculation of the total pressure gradient through the expression
of the gravitational pressure gradient and the liquid holdup. The liquid holdup is first calculated for the
horizontal case, depending on the flow pattern prediction. Then, it is adjusted from the horizontal case
by considering the deviation induced by the inclination.

The model showed a better agreement with the experimental dataset since all the statistical indicators
are better for the Beggs and Brill model [26] than for the homogeneous and separated flow models.
However, the intensity of the variations of the predicted frictional pressure gradient is lower than the

experimental ones as shown in Figure 14.
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Figure 14: Comparison of Beggs and Brill [26] model predictions of the frictional pressure
gradient with the experimental dataset for a mass velocity of 150 kg.m=2.s?

As a conclusion, the analysis of the homogeneous and separated flow model predictions showed these
models can be appropriate for the prediction of the pressure gradient for upward flows but are unable to
predict the pressure gradient for downward flows. The empirical model of Beggs and Brill [26],
developed for inclined flows, shows better agreements than the other models but under predicts the
intensity of the variations of the pressure gradient with inclination.

It can be explained by the fact that the pressure drop models developed in the literature for horizontal or
vertical flows, as those proposed in Table 3, are generally independent of the flow patterns for the pre
dryout region. As a result, the change of behaviour observed in our data with respect to the tilt angle
cannot be correctly predicted. Furthermore, the maximum of the pressure drop observed at high vapour
quality is almost never predicted correctly in any model available, which increases the disagreement
between our data and the models.

From a phenomenological point of view, for annular flow, which is one of the main flow regime
encountered, the pressure drop is mainly related to the interfacial shear stress that can be linked to the
liquid film inertia. If the Reynolds number of the liquid film increases, some waves may develop up to
reach a maximum amplitude (critical Reynolds number). As a result, the interfacial friction factor will
increase and the pressure drop will be affected. During partial dryout, the passage from annular to
stratified flow regime for instance, the shear stress at the wall will be significantly different from that at
the interface. Sine gravity force may affect the flow patterns and the instabilities of the liquid film, it is
logical to see an influence on pressure drop. Furtherstudies—are-needed-to-be-able-to-guantitatively
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4.4  Effect of heat flux on the pressure drops

It was observed that heating two-phase flow affects the flow pattern transitions. The nucleation bubbles
perturb the liquid-vapour interface, which causes the disappearance of the stratified flow. Pressure drops
are strongly conditioned by the dynamic of the liquid-vapour interface since they result in part from
friction between the two phases. Consequently, the fact of heating the flow increases the pressure drop
as it is shown in Figure 15, which presents some results of both campaigns under adiabatic and diabatic
conditions. Note that in this figure, the momentum pressure drop, which is affected when a heat flux is
applied, has been removed from the total pressure drop. This observation was previously made by
Quibén and Thome [49] in 8 mm and 13.8 mm inner diameter horizontal channels. However, the
intensity of the offset is higher in the present case (2 kPa.m™ compared to 0.1 kPa.m™ [49]). This is
possibly due to the higher confinement and the higher flux of the present study. In these conditions, the
flux disturbs more the flow, which results in a higher difference between the adiabatic and diabatic

cases.

Vapour quality
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Figure 15: Comparison of the pressure gradient variations with the inclination angle with an
imposed heat flux of 13.5 kW.m2 (filled lines) and without heat flux (dot lines)

The observed offset is slightly affected by the inclination. However, it is noticeable that the difference
of the pressure gradients decreases with the vapour quality. This observation is consistent with the idea
that when the vapour quality increases, the intensity of the nucleation decreases and the flow is less
disturbed. Consequently, the effect of the heat flux vanishes.

As a conclusion, the heat flux appears to increase the total pressure drops (corrected from the momentum
pressure drop) and this increase mainly depends on the vapour quality while very slightly on the
inclination. To better understand the role of the nucleation in the increase of the pressure drops, it would
be appropriate to perform studies with several heat fluxes and to diversify the test configurations,

especially in terms of confinement.
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5 Conclusions

Flow boiling experiments were carried out in a smooth inclined mini-channel with R245fa for the whole
range of inclination. The transparency of the evaporator enabled the visualisation of the effect of the
heat flux on the flow patterns. All the tests were conducted with a saturation temperature of 81°C, vapour
quality ranging from 0.03 to 0.85, mass velocity from 100 to 300 kg.m2.s™. The imposed heat flux
density was 13.5 kW.m2 in the case of the diabatic experiments.

The effect of inclination on the flow patterns and the pressure drops was studied in both adiabatic and
diabatic conditions. The study of the flow pattern transitions showed a clear effect of the gravity forces
orientation on the flow patterns for low inertia two-phase flows. This observation was compared with
the predictions of the models of Barnea [4] and Crawford et al. [5,6]. The model of Barnea [4] showed
a particularly good agreement with the observed flow pattern transitions. When a heat flux was imposed,
the stratified flow disappeared for the low inertia flows. The nucleation bubbles seem to perturb the
liquid-vapour interface, keeping intermittent flow for the downward inclinations.

The measurement of the pressure drops showed a clear effect of inclination for the low inertia two-phase
flows in both adiabatic and diabatic conditions. The variations of the pressure drops with inclination
were similar to those which were observed in previous macro-channel experiments. A transition was
observed between the downward and upward flows, corresponding to the transition between stratified
and intermittent flows in the case of adiabatic conditions. The pressure drop measurements were
compared with usual homogeneous and separated flow models and showed that the best models were
able to well anticipate the evolution of the total pressure drops for the upward flows. However, since the
frictional pressure drop roughly increases for the downward flows, these models are not adapted to
predict the pressure drops in this configuration. The predictions of the empirical model of Beggs and
Brill [26] were tested and showed the best agreement with the present dataset. However, this model
remains unable to predict the evolution of the pressure drops for the downward flows. The heat flux
appeared to increase the pressure drops and this increase does not depend on the inclination. This effect
vanishes when the vapour quality increases.

As a conclusion, flow patterns and pressure drops appeared to be affected by the inclination for low
inertia flows even in the high confinement conditions of the present study. Both flow patterns and
pressure drops were impacted by the heat flux in the present study. This suggests multiplying studies

with transparent evaporators in inclined configurations.
Appendix A. Supplementary data
Supplementary data associated with this article can be found in the online version DOI
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