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In evaporators, the distribution of the liquid and vapor phases among the channels is a convoluted
problem, depending on a wide range of parameters. However, maldistribution causes important
losses of performance. Due to their complexity, the accurate modeling of such two-phase flows is diffi-
cult to handle. Hence, experimental studies are still of great importance to help the understanding of
maldistribution behaviors inside evaporators. Most of the experimental investigations of two-phase
flow distribution are measuring the liquid and vapor quantities in the channels through a phase
separation process, increasing the test duration and complexity. As a consequence, the number of
parameters investigated is usually limited. Therefore, a new inline instrumentation method would
allow for a more complete study by simplifying the measurement process. In the present work, an
isothermal air/water mixture was used as fluid. The distribution of the two phases in eight channels
of 10-mm 1.D. connected to a simplified header was investigated. The inlet mass flow rates consid-
ered ranged from O to 0.025 kg/s for the water, and from 0 to 0.022 kg/s for the air. Consequently,
qualities x up to 0.7 and void fractions « up to 0.9 were reached. All the tests were carried at a
pressure condition of 7 bar to reach a liquid to vapor density ratio similar to what is encountered
for traditional refrigerant. Finally, to allow a continuous measurement process, the mass flow rates
in each of the 10-mm I.D. channel were measured using a flowmeter calibrated on a separate line.
Since no void fraction meter was coupled, a new iterative methodology, based on the Venturi pres-
sure drops measurement solely, was developed and is proposed here. It proved to successfully predict
the vapor and liquid phase flow rates in each channel.

KEY WORDS: liquid-gas two-phase flow, experimental, metering instrumentation, Ven-
turi, heat exchanger, evaporators, maldistribution

1. INTRODUCTION

Evaporators are usually multiple parallel channels heat exchangers that are encountered in var-
ious industrial applications, the most common ones being vapor cycle systems for air condi-
tioning. At the inlet of an evaporator, the refrigerant can be found in its liquid phase, or as

a liquid/vapor mixture. Due to the presence of this two-phase flow, the uniformity of the dis-
tribution among the channels is hard to predict. Unfortunately, nonuniform distribution in an
evaporator header leads to a lower efficiency (Choi et al., 2003). The liquid phase distribution
is especially the most critical criterion. Besides, the homogeneity of the distribution depends on
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98 Lecardonnel et al.

many parameters with a varying range of impacts. Many studies intended to assess their effects,
and were listed by several reviews (Dario et al., 2013; Leblay, 2012). The main parameters of
influence have been gathered from Dario et al. (2013) and consist in [note—no colon]: liquid
and vapor flow rates (thus flow pattern), header and channels orientation, presence of a diffuser
device, tube intrusion, and inlet tube position and diameter. However, each study focuses on a
limited number of parameters, due to the complexity of the flow rate measurement process.
Traditionally, in two-phase flows studies, the mass flow rates of each phase is measured
through phase separation at the outlet of each channel. However, phase separation is a time con-
suming and costly solution, especially when the number of channels and the number of tests
to be performed are large. Besides, when several header and channel orientations have to be
tested, a large test area is required and phase separation techniques do not provide enough flex-
ibility. Therefore, in this study, the measurement of the two-phase flow in the channels will be
performed using an inline instrumentation. Multiple solutions were investigated through a multi-
phase flow metering literature survey (Lecardonnel et al., 2021). Industrial flow meters exist for
two-phase flows, such as Coriolis, true mass flow, and electromagnetic flow meters. Even though
these instruments were considered, their great dimensions even for small pipe diameters made
their implementation in the present setup complicated. Other studies have attempted to develop
new innovative designs for multiphase flow meters (de Paula Pellegrini et al., 2017; Xie et al.,
2007), but either their range of operating conditions application was too narrow or the develop-
ment was at a too early stage. The solution chosen is based on Venturi flowmeters (VFM), which
are low-cost, compact, inline, and promising instruments when it comes to liquid/gas or lig-
uid/vapor flow measurements (Bertani et al., 2010). Very often, they are coupled to an upstream
void fraction meter installed on the pipe (Meng et al., 2010; Oliveira et al., 2009). These void
fraction meters are usually either intrusive, hard to implement on multiple parallel channels, or
very costly. Besides, they are not yet commercially available. Thereby, the purpose of the article
is to present a new inline measurement technique of a two-phase mass flow rate using a VFM
solely. This work is part of a broader purpose which is to be able to perform a large parametric
study of the features impacting a two-phase flow distribution inside a simplified evaporator. For
the first time, after the introduction of the topic of this study, the principle of Venturi flow meter-
ing for two-phase flows is summarized. The calibration of the VFM used in the present study is
then presented, as well as the proposed methodology. For a second time, the uncertainties related
to these measurements are evaluated. Finally, the application of the measurement technique in a
simplified isothermal evaporator is proposed as well as examples of measurements of good and
bad flow distributions.

2. TWO-PHASE FLOW RATE MEASUREMENT WITH VENTURI

2.1 Theory

For a two-phase flow, the determination of the total mass flow:igaieby a VFM is achieved
very similarly as for a single phase flow (Oliveira et al., 2009):

. F,YC;1pA
rrp = V2 %‘t‘hmm\/ pTPAPrp = KgedCa, 1PV PTPA Prp (1)

where TP refers to two-phase flow, is the factor correcting for the thermal expansion, Y is
the compressibility factot; e is the two phase discharge coefficieAtsra:is the throat cross-
section in M, B is the throat to inlet diameter ratip,is the density in kg/y and A Prp is the
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Two-Phase Flow Metering with Venturi 99

differential pressure drop measured between the inlet and the throat sections of the VFM in Pa.
This can be simplified by usinggeo = v/2.(F,Y Athroa/ /1 — B%).

However, the evaluation of the two-phase dengityis not straightforward. The most com-
mon approach to simplify the determination of the two-phase massrfigwis to replace the
two-phase densitprp and discharge coefficielity tp respectively by the liquid density, and
the discharge coefficient determined for the liquid ph@ge. The two-phase flow condition is
then taken into account through the use of a modeling coeffi¢igr(Liu et al., 2020) which
depends on the quality = ., /(1h, + 11;), wherel refers to the liquid phase, being water in
the present work, andto the vapor phase, being air (Zhang et al., 1992).

mtp = KgeoCa,1 K1/ p1APrp 2)

Thus, for a two-phase flow, another information besides the pressure drops is required, which
generally is the qualityc. As stated in Section 1, in almost every study, the VFM is coupled
with an upstream void fraction meter installed on the pipe (Meng et al., 2010), usually a ca-
pacitance probe (Bertani et al., 2010; Oliveira et al., 2009; Zeghloul et al., 2021). The quality
is indeed retrieved from the measured void fraction, either from an existing correlation or from

a calibration. Once obtained, the quality together with the pressure drops from the VFM are
used to calculate the total mass flow rate. However, capacitance sensors are still not yet easily
commercially available and are only obtainable in a few research laboratories. Therefore, the
development of a VFM that can be used without the information of the quality is greatly needed.
To the authors’ knowledge, only two studies so far attempted to tackle this issue: the research
investigations from Shaban and Tavoularis (2014) and from Monni et al. (2014). The work from
Shaban and Tavoularis (2014) relies on the use of machine learning techniques on differential
pressure signals to retrieve the liquid and gas flow rates. To be able to use this work, the flow
pattern needs to be identified and due to the pressure constraint in the current study (7 bar), this
would be have been difficult to implement. Monni et al. makes also use of a VFM and exploits
the irreversible pressure losses between the inlet and the outlet but only at very high void fraction
and thus high quality. The method happens to be much more precise for the gaseous phase than
for the liquid phase, which is the opposite of what is intented in the present work.

2.2 Calibration

The VFM is calibrated using an air/water mixture at 7 bar to obtain a density ratio between the
two phases closer to the one typically encountered in refrigerants. Water is pumped from a tank
by a centrifugal pump (Wilo Helix V 214-1/16/E/KS/400-50) and its flow rate is measured with
an electromagnetic flowmeter (Fuji Electric ModMAG M1000). A 15 bar compressed air line is
connected to the facility and its pressure is then decreased to around 6.5 barG through a pressure
regulator. The air flow rate is measured thanks to a thermal mass flow sensor (CS Instruments
VA 500). Air and water are then mixed together by means of an elbow pipe inserted in the main
water pipe. The schematic of the test facility can be found in Fig. 1. The mixture is further
sent to the test section. It can either be the simplified evaporator setup that will be presented
in Section 4 or the calibration line. The latter consists simply in a flanged pipe of 10-mm I.D.
on which a Venturi flow meter is welded. A straight pipe length oD58 present ahead of the
instrument to develop the flow (see Fig. 2), whérés the internal diameter of the flanged pipe.
The orientation of the pipe can be vertical downward, vertical upward, or horizontal.

As explained in Section 1, VFM were selected to allow the measurement of the liquid and
gas mass flows in a series of parallel tubes modeling the evaporator refrigerant channels. All
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FIG. 1: Schematic of the test facility

50D straight pipe

@Flow direction

Venturi flowmeter

| = |

Calibration line

FIG. 2: Schematic of the calibration

the Venturi of the present study were designed at the Von Karman Institute (VKI), following the
standard ISO 5167-4:2003 (2003) (see Fig. 3). However, this standard does not cover diameters
smaller than 50 mm. The main recommendations in terms of pressure taps as well as upstream
and downstream lengths were applied for the present design, and for the remaining dimensions,
the proportions described in the document have been preserved. The four upstream pressure
taps were interconnected in a triple-T arrangement as recommended in the ISO 5167-4:2003
(2003) and connected to one side of a differential pressure membrane sensor (Validyne DP15
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Two-Phase Flow Metering with Venturi 101

FIG. 3: Isometric view and picture of the Venturi

with a 750 mbar range). Similarly, the four throat pressure taps were also interconnected in a
triple-T arrangement and connected to the other side of the sensor. The throat to inlet diameter
ratio 3 of all the VFM used in the present study is equal to 0.42. This ratio was chosen to be low
enough to create noticeable pressure drops even at small mass flow rates. The pressure difference
measured by the membrane corresponds to the throat pressuré\dfgpsentioned in Eq. (1).
All these instruments were connected to a NI-DAQ (National Instrument) hardware, to acquire
their signals at a frequency of 200 Hz and a duration of 90 s.

After the test section, the air/water mixture is again collected and sent back to the reservoir.
A back pressure valve is present to set and control the targeted pressure.

2.3 Methodology

The proposed methodology to determine the total mass flow rate as well as the liquid and vapor
flow rates solely with a VFM will be explained in this section. To begin with, since three un-
knowns in total are present in this system,, 1m;, andzx, three equations are required. Several
existing correlations relating two-phase flow specific numbers were tested, such as the two-phase
flow multiplier 2 (Baker, 2000) and the Lockhart—Martinelli parametgt.ockhart, 1949). The

closure of the system was however not satisfying enough with these numbers. New possibilities
were investigated by means of some ratio between the two-phase pressure drops across the Ven-
turi A Prp and the mass flow rates of the two phaseg andriyater in the present document.
Equations (3)—(5) present the three ratios that have been selected.

m\%va er
F%; = f(z) 3)

APrp

Mair

g(z) (4)
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APrp
Tair X Twater

The corresponding curves of these equations are shown in Fig. 4 below, for a vertical down-
ward orientation of the Venturi. In the figures, both the experimental points and their mathe-
matical fitting equations are displayed. All the experimental data presented in this section were
obtained on the dedicated calibration line described in Section 2.2, for a single Venturi. It is re-
called that the internal diameter of the pipe is 10 mm. The mass flow rates covered ranged from
0 to 0.025 kg/s for the water and from 0 to 0.022 kg/s for the air.

As one can see, when plotting the experimental points, strictly decreasing, very smooth, and
continuous trends are obtained ffiiz), g(x), andh(z). Each curve can be accurately fitted by
a sum of two exponential functions. The density was not considered in the equations, as it was
kept constant during the tests and equal to 995 Rgamthe water and to 7.8 0.1 kg/n? for the
air. The mathematical fittings of Eqgs. (3)—(5) for the three orientations are displayed in Fig. 5. It
has to be noted that experimental data for the vertical upward and horizontal orientations have
also been collected but are not shown to improve the clarity of the figures.

It can be noticed from these figures that the orientation of the 10-mm 1.D. pipe has a non-
negligible effect on the curves, even though this impact is relatively low. Generally speaking, all
the curves for the three orientations present similar curve shapes, with strictly decreasing trends.

— h(z) (5)

95 x107 5 x10°
' * Experimental data - vertical downward e Experimental data - vertical downward
——Exponential fitting ——Exponential fitting
27 1 4
&, f(x)=8.56e-8. exp(-14.7x) + 1.43e-7. exp(-2.17x) ) g(x)=1.061e7. exp(-48.6x) + 1.94266. exp(-4.02x)
& R?=0.988 § R?=0.997
15} 23l
g =
5 a,
g 1 r:E‘ 2
RS <
0.5 17
0 - ' : 0 : : :
0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8
quality x quality z
8
25 X 10

* Experimental data - vertical downward
—— Exponential fitting

h(x)=1.80e8. exp(-24.6x) + 6.31e7. exp(-2.29x)
R%=0.994

APrp
mmr mwatﬂ

0 0.2 0.4 0.6 0.8
quality z

FIG. 4: Corresponding curves of Egs. (3)—(5): experimental data and mathematical fitting equation in the
vertical downward orientation solely
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27><1O'7 57><‘106
— Vertical downward fitting — Vertical downward fitting
——Vertical upward fitting ——Vertical upward fitting
15 — Horizontal fitting 47 —— Horizontal fitting
&
)
<
< 7
(2] g
g
057
0 ' ' ' ' 0 ' ' : —
0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8
quality x quality x
8
25 x10
— Vertical downward fitting
—— Vertical upward fitting
2 —— Horizontal fitting

APrp
mun mu ater

0 0.2 0.4 0.6 0.8
quality x
FIG. 5: Corresponding curves of Egs. (3)—(5): mathematical fitting curves for the three orientations

Based on this set of relationships in Egs. (3)—(5), a new approach was then developed in
the present work. The schematic of the proposed methodology can be found in Fig. 6. Firstly,
the VFM pressure drops signal in each channel is acquired and used as single input for the
methodology. Secondly, an initial range of qualities, ranging from 0 to 1 with a step of 0.05 is
selected. For each value of the quality, the respective value of the three fungtionss(x),
andh(x) is determined. Then the water mass flow rétgaer is calculated from Eq. (3) using
the measured pressure drops dtid). The air mass flowng is estimated similarly using(x)
and Eq. (4). The rati@ai X rmwateriS also determined from Eq. (5) usingz). Finally, this ratio
obtained from 5 is compared to the corresponding natip x rwater Obtained from Egs. (3) and
(4), through the functio®rr(z). When the difference afrr(z) is minimal, the corresponding
quality is identified. For one VFM differential pressure signal, this occurs twice, giving two
possiblex values. An example of the trend &frr(x) is shown in Fig. 7. However, as can be
seen, the two possible solutions of the quality are distant from each other. Since the quality is
defined as the ratio between the vapor mass flow rate and the sum of the vapor and liquid mass
flow rates, distinct quality values are thus related to different water and air mass flow rates. To
be able to distinguish the appropriat&alue, an analysis of the fast Fourier transform (FFT) of
the VFM pressure signal is carried out. Two examples of such FFT can be seen in Figs. 8 and 9.
The FFT are displayed for frequencies up to 20 Hz and not 100 Hz for the sake of clarity.
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VFM differential pressure signal
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MairMwater
AP.
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MairMyater
2 corresponding values of x * FFT of VFM differential

pressure signal
Camera recording

Selection of the appropriate x value

sum of My, q¢er and Mg, in each channel
Final check: comparison with inlet conditions

FIG. 6: Schematic of the proposed iterative methodology

%107

0 0.5 1
Quality x [-]

FIG. 7: Example of anErr(z) curve

One can notice that the curve profile of the FFT in case of high air mass flow, and thus
medium to high qualityz, contains noticeable fluctuations from the frequency of 5 Hz until
15 Hz (see Fig. 8). In case of low air mass flow rate however, and thereby low quality, the curve
profile is much flatter (see Fig. 9). Based on the value of the integral of the FFT curve between
5 Hz and 15 Hz and a defined threshold, the appropriatalue between the two possibilities
obtained from th&rr(x) curve (0.05 and 0.61 in the example shown in Fig. 7) can be selected.
From the chosen quality, the corresponding; andryater are obtained.

The methodology displayed in the Fig. 6 is presented in the case of a single VFMs differ-
ential pressure signal input. Since there are several VFM in parallel installed on the simplified

Multiphase Science and Technology
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FIG. 8: Example of FFT of the VFM pressure signal in case of high air mass flow rate and low water mass
flow rate
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FIG. 9: Example of FFT of the VFM pressure signal in case of low air mass flow rate and medium water
mass flow rate

evaporator test section (see Section 4.1), this approach has to be repeated for each VFM pressure
signal from each channel. At the end of the process, the sum of the water mass flow rates in each
channel is finally compared to the inlet conditions, as a final check. The same sum is performed
for the air flow rates. The two-phase flow distribution inside the channels can then be obtained
from these flow rates. Ultimately, a camera recording showing the two-phase flow distribution

in the header can also be consulted to confirm the worthiness of the distribution.

3. UNCERTAINTIES EVALUATION AND GENERALITY OF THE METHOD
3.1 Uncertainties Evaluation

The overall uncertainty related to the experimental measurement of a quantity is calculated by
considering the contribution from different sources. The measurement uncertainty of the main
quantities and related to the instruments’ accuracy itself has been evaluated. This information is
listed in Table 1.
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TABLE 1: Sensor-related uncertainties

Quantity Uncertainty value
APrp 375 Pa
TMwater,inlet 0.8 9g/s
Tair,inlet 1.17 g/s

The quantification of the uncertainties related to the post-processing chain (calibration, fit-
ting of the correlation curves, methodology...) was also achieved. To do so, the actual water and
air mass flow rates as well as the quality, obtained with a single Venturi during the calibration ex-
perimental data, were compared with the estimated values from the methodology. The resulting
errors are displayed in Figs. 10-12.

For the estimated quality and air mass flow, the situation is very similar. A large amount of
data points are located within thie 20% of error boundary, and almost all data points are in-
cluded within thet- 30% of error. The situation is much better for the water flow rate prediction.
Indeed, the majority of the estimated values do not exee@0% of error, and the largest error
is found to be 22%. It can also be noted that, as one could have guessed, the prediction error
tends to decrease as both the water and air mass flow rates increase. Indeed, the largest errors

0.037

I
o o
o N
o o

I
o
=
3

0.01

0.005 |

Estimated air mass flow [kg/s]

O 1 1 1 1 J
0 0.005 0.01 0.015 0.02 0.025
Measured air mass flow [kg/s]

FIG. 10: Comparison between measured and estimated air mass flows

1 =
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o2} ®

Estimated quality
o
~

0 0.2 0.4 0.6 0.8
Measured quality

FIG. 11: Comparison between measured and estimated quality
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FIG. 12: Comparison between measured and estimated water mass flows

are found for the smallest mass flow rates. Since in an evaporator, the critical part relies on the
distribution of the liquid phase along the channel, it is of great interest to be able to predict as
accurately as possible the water mass flow rates.

3.2 Generality of the Method

The left side of the set of Egs. (3)—(5) could be implemented for any \é@rviori, but the right
side, meaning the mathematical fittings, are case-dependent and should be adjusted. Indeed, as
one can guess, the measured two-phase pressure Afgpsare first greatly depending on the
density of both the liquid and the gaseous phases. These pressuresifgsase also impacted
by the pressure test conditions as well as by the liquid and gas selected. Besides, they are also
greatly influenced by the pipe diameter as well as by the throat to inlet diameteprétim,
0.42 in this study). Thereby, the mathematical fittinfgs), g(«), andh(z) obtained from the
experimental data would have to be adapted if one of the listed parameters was modified.
Indeed, for instance, a smaller pressure test condition would greatly impact the gaseous den-
sity and volume. The gas would be lighter and its volume would increase, leading to higher
pressure drops across the VFM. A larger pressure would lead to the opposite impact. A smaller
pipe diameter or a smaller throat to inlet diameter r@tiwould also remarkably increase the
two-phase pressure dropsPrp. This would shift the curves of the experimental data displayed
in Fig. 4. Hence, the mathematical fittings presented in Fig. 5 would have to be adjusted to the
new experimental data set. Attention also has to be paid to the length of the small tubes con-
necting the pressure taps, located at the throat and at the inlet of the VFM, and the pressure
membrane sensor (see Section 2.2). These small tubes were filled with water at the beginning of
each test. However, as a test runs, a fraction of this volume of water is removed and replaced by
a volume of air. Since the measurement of the pressure drop depends on the value of this water
column, the length of the small tubes has to be as small as possible to limit this possible source
of error. As mentioned in Section 1, the great advantage of the proposed methodology is that it
relies on VFM solely, without the help of any other instrument as it is commonly the case in the
literature. Besides, as shown in Figs. 10-12, the errors related to this methodology are relatively
low especially for the liquid phase, making it a reliable two-phase flow measurement technique.
However, it requires beforehand the acquisition of a strong experimental data set as calibration,
in order to obtain the trend of Egs. (3)—(5).

\olume 36, Issue 1, 2024



108 Lecardonnel et al.

4. EXPERIMENTAL APPLICATION: RESULTS AND DISCUSSION
4.1 Experimental Setup

The developed measurement methodology was applied to a simplified geometry representing an
evaporator header and eight parallel channels of 10-mm |.D. An air/water mixture is used and
generated with the same facility as detailed in Section 2.2. The facility is isothermal, as it was
shown previously that heat transfer phenomena can be neglected in an evaporator header (Vist
and Pettersen, 2004). The new methodology proposed in Section 2.3 was applied to each of the
eight parallel channels to obtain their individual air and water mass flow rates. The distribution
profile inside the header among the 8 channels can then be retrieved. The simplified evaporator
test section (see Fig. 13) consists of a rectangular header made partly of aluminum and of di-
mensions 13 186 x 560 mm. This manifold also exhibits two transparent faces to allow flow
visualizations. The feeding tube is 1.5 m long to ensure the two-phase flow development at the
inlet of the test section. The diameter of the feeding tube can be varied to study its impact: 56-
mm |.D. (2") or 23-mm |.D. (3/4"); as well as its position on the header: one horizontal position
and three vertical positions. A visualization block made in Plexiglass is installed at the end of the
feeding pipe to monitor the inlet flow patterns. Between the visualization block and the header, a
removable device can be inserted. The design selected for this device was very similar to the one
detailed by Ahmad et al. (2009), which consists of a slightly curved and perforated thick plate.
The objective of this accessory is to provide a pressure drop and break separated flow regimes
such as stratified flow, to ensure a more uniform initial diphasic distribution. This accessory was
additively manufactured in resin.

Safety valve: 8bar

Visualization

Bloc Multiple Entry

Transparent face for visualization
Inlet feeding tube + diffuser
Straight length of 50D for flow develoment

\ L,

T
\ | \ Header

E LI“_I;_I" In In 300 I

pressure
sensors

flo\\f\?mnteut:rsm l M l N N l l
i i i i i i _Colle;t:‘

Adiabatic setup
Moving plate /

FIG. 13: Schematic of the simplified evaporator test section
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A DANTEC high speed camera (SpeedSense M310) was used to record the behavior of the
air/water mixture inside the header at an acquisition frequency of 500 Hz. This recording was
also compared to the distribution profile obtained from the application of the methodology to
the eight channels. The header is then connected to eight stainless steel channels of 10-mm 1.D.
The channels can be inserted inside the header, by 0, 1/4, or 1/2 of the header height, to study
its influence. A VFM of same dimension as described in Section 2.2 is welded on each channel.
A straight pipe length of 5D is installed ahead of the VFM, to ensure a developed flow. A
picture of the test section can be seen on Fig. 14. Each VFM is instrumented similarly as in
Section 2.2. Thus, in total, eight pressure membrane instruments were used, to obtain the throat
differential pressure drop of the eight VFMs. Besides, the fluid total pressure was monitored
inside the water and air inlet pipes, inside the header, and inside each of the eight channels
using flush-mounted absolute pressure sensors (YA1014ABS/10V from C2Al). The fluid total
temperature was monitored at the water and air inlets. A safety valve is also installed on the
header to ensure that the pressure inside the test section does not exceed 8 bar. The air/water
mixture is further gathered from the eight channels through a collector and then exits the test
section. The orientation of this whole assembly composed of the inlet feeding tube, the header,
the eight channels, and the collector can be changed. Ultimately, the purpose is to understand the
impact of these combined features on the distribution of the air/water mixture inside the eight
channels.
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FIG. 14: Test section
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4.2 Experimental Results

Thanks to the proposed methodology, the water and air mass flow rates in each channel and
for each experimental point of the test matrix could be obtained. A first example of a quan-
titative assessment of the flow distribution can be found in Fig. 17. It shows the water mass
flow rate and quality distributions among the eight channels, for a horizontal header and vertical
downward channels, with a coaxial horizontal inlet of 56-mm I.D. (see Fig. 15) and no chan-
nel intrusion. The removable accessory is present. This corresponds to the configuration giving
the poorest distribution that has been obtained for the configuration of a horizontal header and
vertical downward oriented channels.

Indeed channel 8, which is the closest to the inlet pipe, is overfed in water by a factor 2 or
3 on average compared to the other channels (see Fig. 17). The wave created by the inlet jet
when impinging the header bottom surface leads to a total avoidance of channel 6 by the water
phase, to the profit of the channels located farther away. This explains the peak observable on
the quality profile, meaning that the channel is mostly fed by the the air phase. The distribution
profile is very similar for the channels 6, 7, and 8, whatever air and water inlet conditions are
set. However, for the rest of the channels, the distribution tends to improve with the addition of
water. Indeed, while the last two channels seem to be hardly reached by the water at low water
inlet flow rate, the liquid phase manages to feed them properly at greater inlet conditions. Lastly,
it can be noted that this largest feeding tube of 56-mm |.D. and the presence of the device fail to
create an appreciable jet that would spread the liquid more uniformly inside the header. In order
to improve the two-phase flow distribution in the case of a horizontal feeding tube, two possible
solutions would provide similar effects: the hole diameter of the removable device and/or the
feeding tube diameter should both be significantly reduced. This would greatly help in creating a
more consequential jet, and thus disperse the liquid phase more evenly across the eight channels.

The second example of results that were obtained can be seen in Fig. 18. It corresponds to
the combination of parameters displayed in Fig. 16: a horizontal header and vertical downward
channels with a central vertical inlet of 56-mm |.D. and a channel intrusion of 1/2 of the header
height. This configuration gives the most uniform distribution that could be observed for the
configuration of a horizontal header and vertical downward oriented channels. It can be noted
that the water feeding of all the channels is very homogeneous, and besides very stable for
all applied inlet conditions. This is due to the coupling of two features: the large size of the
inlet diameter that enables the smooth pouring of the water inside the header, and the channel
intrusion that creates a sort of water reservoir. The water pouring interferes with its surface and
generates some waves, leading to a stable and uniform feeding of all the channels. It can also
be noticed through the profile of the quality, that this configuration leads to a stable air mass
flow rate across the eight channels. As stated in Section 2.3, to ensure the accuracy of the water

FIG. 15: Horizontal header and vertical downward channels, coaxial horizontal inlet of 56-mm I.D. and no
channel intrusion
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FIG. 16: Horizontal header and vertical downward channels, central vertical inlet of 56-mm I.D. and a
channel intrusion of 1/2 of the header height
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FIG. 17: Water flow rate and quality distributions corresponding to the configuration of Fig. 15, for differ-
ent air and water inlet conditions

distribution profiles obtained in Figs. 17 and 18, the sum of the water mass flow rates in each of
the eight channels was compared to the inlet water mass flow rate condition. The error percentage
between these two values is shown in Fig. 19. The maximum error is found to be worth 35%.
Consistently to what has been stated in Section 3, almost all of the error values lie within the
+ 20% range, and three test points present error values around 0%.
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FIG. 18: Water flow rate and quality distributions corresponding to the configuration of Fig. 16, for differ-
ent air and water inlet conditions

Given the rather low uncertainties obtained with the calibration tests performed on the ded-
icated line (see Fig. 12), and the uncertainties obtained with the actual application tests (see
Fig. 19), the new proposed methodology proves to be reliable.

5. CONCLUSIONS

VFEM represent a promising, inline, compact, and easy to build solution to the measurement of
liquid/gas two-phase flows. They are very often found in the literature coupled with capacitance
probes. However, the latter are not easily available and their design is rather dependent on the
experimental conditions. Thus, the proposed methodology only based on the Venturi throat pres-
sure drops measurement is of great necessity. Its objective is to retrieve the gas and liquid flow
rates, making use of three ratios and a strong calibration prior to the tests. VFM has been applied
to measure the flow distribution in a simplified isothermal evaporator header. This simplified
geometry consists of a rectangular header connected to eight channels. Various parameters of
this setup such as the feeding tube inlet diameter and position or the channel intrusion can be
modified to understand their influence. The technique successfully managed to determine the
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FIG. 19: Error between the inlet water mass flow rate and the sum of the individual water flow rates in
each channel, for the test conditions of Figs. 17 and 18

air and water flow rates in all channels. This measurement, coupled with flow visualization in
the header, enables us to draw conclusions on the effect of geometrical parameters in the flow
distribution. Very different profiles of air and water flow rate feeding inside the eight channels
could be obtained. Examples of a poor distribution and a uniform one have been given. In a
future work, the combined effect of the header and channel orientations, channel intrusion, feed-
ing tube position and diameter, and finally the presence or not of the removable device will be
assessed using a test matrix generated thanks to a design of experiment algorithm.
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