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Performance assessment of an horizontal air / water separator deflector with low
volume fraction of air
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bRenault, Technocentre, France.

Abstract

The purpose of the present work is to study the performance of a separator deflector for specific applications under
severe constraints of size and low costs. This device separates air and water in an horizontal flow. The efficiency of the
separator is defined as the ratio of the mass flow rate of air separated from the liquid and the mass flow rate of air at
inlet. The effects of the tilt angle of the deflector and of the absolute inlet pressure are compared for various mixture
velocities and air volumetric concentrations. The efficiency strongly depends on the horizontal two-phase flow regime and
on the inlet pressure. There exists a unique optimal tilt angle of the deflector for all flow-regimes. The experiments are
supplemented with numerical simulations that allow to better understand the flow patterns in the separator. Through
this analysis, it is demonstrated that two parameters are needed to fully characterize theperformances of the separator.
Moreover, it is shown that there exists only one design point where the separator is very efficient and that it is very

sensitive to small variations around this design point.
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1. Introduction

The problem of phase separation in a gas / liquid two-
phase flow —in particular air and water— is a tremendous
issue in many industrial applications. This technological
challenge often directly affects the operation of mechan-
ical systems and has an impact on the performance of
related processes. Separation of multiphase flows in an
industrial process may be intrinsic to the system, as in
the offshore and chemical industry where often only one
phase represents a market value. In other cases, the pres-
ence of two-phase flow is the result of phase changes due
to rapid modifications of the thermodynamical operating
conditions of the process, such as the cavitation and de-
gassing phenomena.

Until the 1980s, most technologies of separation were
based on gravity. Considerations of compactness and cost
reduction, especially in the offshore industry, have led to
the development of compact active separation processes.
For instance, the works of Nebrensky et al. (1980), Kouba
et al. (1995), Movafaghian et al. (2000) and Rosa et al.
(2001) widely contributed to the development of the cy-
clone separator. Other examples of active separation de-
vices have been studied by Muschelknautz and Mayinger
(1990) (separator with wheels) and Gregory (1989), En-
tress et al. (1991) and Creutz and Mewes (1999) (separa-
tion by the action of a centrifugal pump).
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To date, these technologies are essentially intended for
offshore and chemical applications, in steady flow with
high mixture velocity. High economical value of the prod-
uct are necessary to justify the use of strongly mechanical
energy consuming technologies.

Specific applications appeared recently that deal with
intermittent two-phase flows with low mixture velocities
under severe constraints of compactness. In aeronautics,
there are sometimes vapor in the fuel system, which can re-
duce the pump efficiency and more generally the mechani-
cal propulsion system. The present work directly concerns
the automotive sector. The recent years have been marked
by the development of various technologies of improvement
of the automotive engines efficiency, among which various
processes of valuation of calories contained in the cooling
liquid: two-phase cooling, starting up without liquid cool-
ing, starting at useless flow, emptying and filling of the
engine,. . .

For some of these applications, it is necessary to purge
the cooling circuit to ensure the smooth operation of the
engine. The design of two-phase separators in this con-
text have to be completely rethought to adapt to the new
constraints of the environment of use. For flows at low ve-
locity and low proportion of air, most authors have focused
on the separation of air-water flow in Y and T-junction as,
for instance, Honan and Lahey (1981); Hwang et al. (1988)
who worked on turbulent flows in bubbly and churn-flow
regimes, or Azzopardi and Whalley (1982) who studied
annular flow in T-junctions for horizontal and vertical di-
rections.
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Another device that can be used is the compact sepa-
rator deflector. It consists of a diverging and converging
chamber equipped with an adjustable deflector. One ad-
vantage is a low-pressure drop, a low volume and the use of
one or more traps for extraction of air out of the mixture.
It is of great interest in the following situations:

e The compactness and weight are of particular impor-
tance, which excludes the use of separation pumps.
This is the case of embedded systems in aeronautics
and more recently in the automotive industry;

e The dynamic instabilities and vibrations inherent in
moving devices do not allow the use of a cyclone
separator.

This paper proposes to evaluate numerically and exper-
imentally a compact separator with deflector in horizontal
air-water flow with low volume proportion of air. The
main phase that is water flows at a superficial velocity be-
tween 1 m.s™! and 3 m.s™! and the volume quality of air
is between 1% and 4%. The performance of the separator
is defined as its ability to separate air from water. It is
evaluated with two coefficients that measure respectively
the air flow-rate in the purge and the water flow-rate in the
main outlet relatively to the inlet flow-rates. The effects of
the angle of the deflector and of the inlet pressure are ex-
perimentally studied in a dedicated test bench. This was
built on purpose in order to explore various air-water two-
phase flow regimes in horizontal configuration. Numerical
simulations that give details on local quantities are also
performed.

The concept and design of the separator deflector is
first described in § 2. Then the performance assessment
tools are presented in § 3: the experimental set-up is
detailed in § 3.1, the control parameters are introduced
in § 3.2, the numerical methods are then presented in § 3.3
and the two coefficients that characterize the performances
are defined in § 3.4. The experimental results are presented
in § 4. The main results are finally dicussed in § 5.

2. Separator deflector: description and operation

2.1. Phase separation in two-phase horizontal flow

Several studies of air-water two-phase flow separation
in horizontal configurations (for instance the works of Ho-
nan and Lahey, 1981; Azzopardi and Whalley, 1982; Saba
and Lahey, 1983; Hwang et al., 1988) have shown that the
separation process strongly depends on two physical mech-
anisms. It first depends on the two-phase flow regime (see,
e.g. Hetsroni, 1982; Andreussi et al., 1999). It also depends
on the turbulent processes that control the bubble size dis-
tribution (see, e.g. Kolmogorov, 1949; Thomas, 1981; Raz-
zaque et al., 2003). And finally, the details of the separator
geometry (Y or T-junctions,...) have a strong influence on
the separation process.

The flow regimes that are relevant to the application
considered hereafter are characterized by the presence of

air plugs or bubbles that are mainly localized in the upper
part of the pipe (Hetsroni, 1982; Andreussi et al., 1999).
Saba and Lahey (1983) and Hwang et al. (1988) have devel-
opped a model for phase separation based on the concept
of “dividing streamlines” between “zones of influence”.
The principles of operation of the separator deflector that
is sketched in Fig. 1 benefit from these ideas.

3
deflector angle

Figure 1: Sketch of the separator. The angle of inclination of the
deflector is 6.

2.2. Principle of the separator deflector

The separator deflector consists of a gradual expansion
at flow inlet, a deflector on the axis of the pipe, two traps
with smaller diameter at the top of the separation chamber
and a converging pipe at the flow outlet. The process of
separation within the separator deflector combines three
mechanisms. First, the traps are situated in the upper
part in order to extract air mainly by buyoancy. Then,
the gradual increase of the inlet section of the separator
results in a decrease of flow velocity. The balance of the
forces that act on a bubble is first changing to the benefit
of buoyancy. The work of Razzaque et al. (2003) on the
distribution of bubble size in horizontal air-water flow have
moreover shown the predominant role of coalescence when
the flow velocity declines: within the separator, the de-
crease in flow velocity promotes the coalescence of bubbles
and their rise to traps because of enhanced buoyancy. Fi-
nally, the inclination of the deflector should create a slight
pressure drop that would increase the flow rate in the traps
and should create recirculation zones within the separator.
The local recirculations may trap air bubbles and help in
reducing the active length of the separator. Therefore, the
volume of a separator deflector is relatively low.



3. Performance assessment tools

3.1. Test bench
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Figure 2: Sketch of the test loop (see § 3.1 for details).

The experimental set-up consists of a closed loop made
of pipes of diameter D = 26 mm, designed for air-water
two-phase flow in which different separators can be in-
cluded. The test loop is sketched in Fig. 2. The water is
moved from the main tank (Tank 1, of capacity 60 L) by
a centrifugal pump controlled by an inverter (not shown
in the sketch). The water then flows in a tube of diameter
D = 26 mm where the water volume flow-rate Qy vp is
measured.

Air is injected through a tee of diameter 26 mm with
several calibrated air inlet passages of diameter 1 mm. A
valve and an air flow-meter upstream of the tee are used
to set the air volume flow-rate Qgirup. The temperature
Tyirup and the pressure Py .y are also measured, with,
respectively a K-type thermocouple and a 4 bars relative
pressure transducer.

The injection of air is situated 2 m upstream of the sep-
arator. At the inlet of the separator, the pressure P;,, and
the temperature T, are measured. The loop then splits
into two branches: a return line to Tank 1 and a branch
for the separated flow (purge). This last branch consists
of two traps of diameter 9 mm at the top of the separator
that are connected to Tank 2, of capacity 20 L. This tank
allows a complete separation necessary to measure the air
volume flow-rate Qair purge and the water volume flow-rate
Quw,purge in the purge. The air flow is discharged into the
atmosphere. The pression and temperature Py purge and
Tyirpurge are also measured at this point. The water vol-
ume flow-rate in the purge is measured by closing Valve 5
and by watching the time required to fill the tank with
2 L. Otherwise the water returns by gravity from Tank 2
to the main tank (Tank 1).

The pressure at the outlet of the separator P,,;, on the
return line, is also measured. Valve 4 is used to adjust the
pressure in the separator.

3.2. Control parameters and operating conditions

The two-phase flow of air and water that enters the
separator is characterized by a given pair of mass flow-
rates of air and water:

(Mair; Mw)

In the present article, the following equivalent parameters
are used:

e The water superficial velocity J,;
e The volume quality of air in the mixture 5;,.

The water superficial velocity is the flow velocity that wa-
ter would have if it were flowing alone in the pipe. The
variations of the density of water p,, with temperature are
negligible. Thus Qu.in = Qu,up = Mw/pw, and:
Jw _ Qw,in
(D?/4)

The volume quality S depends on the position in the pipe.
The density of air indeed varies with the pressure and thus
the volume flow-rate of air is not constant. Nevertheless,
the air volume flow-rate at the inlet of the separator can
easily be computed from the measured volume flow-rate
upstream of the tee junction Qgir,up, assuming the air be-
haves as a perfect gas. At the separator inlet:

Qair,in

ﬂin =
Qair,in + Qw,in

In the present study, the separator performance is stud-
ied for the following parameters:

e Three water superficial velocities: J, = 1, 2 and

3m.s

e Four volume quality: 8;, = 1, 2, 3 and 4%;



e Angle of the separator deflector: 6 = 45°;

e Three levels of absolute pressure at the separator in-
let for J, =2m.s™!: P, =1.17, 1.24 and 1.63 bars.

Figure 3: Two-phase flow inside the separator deflector for J,, =
2 m.s~! and B = 1%. Deflector angle: (a) 8 = 15°, (b) 0 = 30°,
(c) 8 = 45° and (d) 6 = 60°.

The angle of the separator deflector has been chosen
after a few tries. Four pictures of the two-phase flow in the
separator for the same conditions but with four different
deflector angles are displayed in Fig. 3. The angle § = 45°
leads to optimal separation. For this angle the flow is
deflected towards the purges and one can moreover observe
the presence of a recirculation loop in the shape of a vortex,
close to the inlet of the separator that may enhance the
residence time and the coalescence of bubbles. For lower
deflector angles, a large amount of bubbles flow beyond the
deflector, whereas for larger deflector angles the backflow
recirculation disappears.

A multiphase flow in a pipe can exhibit several flow pat-
terns that differ in the spatial organization of the phases.
In the case of gas / liquid cocurrent horizontal flow, several
flow maps exist and a general method of flow patterns pre-
diction has been developed by Taitel and Dukler (1976).
According to this prediction, the present parameters are
very close to the transition between bubbly flow and inter-
mittent flow (plug or slug). It is thus very difficult to tell
precisely what the flow-regime at separator inlet is, espe-
cially since the flow regime may strongly depends on the
lenght of establishment (80 D in the present case). Nev-
ertheless, for J,, = 2 and J,, = 3 m.s~!, the prediction is
that the flow should be bubbly and for J, = 1 m.s~! it
may be intermittent.

Visualizations with a high-speed camera just before the
flow separator inlet may help to clarify this point. Three
pictures are shown in Fig. 4.

Figure 4: Picture of the flow just upstream of the separator inlet.
Jw =1 ms™! and B;, = 2%: slug flow. Jy = 2 m.s~! and B, =
2%: bubbly flow. Ju =3 m.s~! and B, = 2%: bubbly flow.

For a low fluid velocity of J,, = 1 m.s~! and a low air
volume quality 8;, = 2% (Fig. 4, top), the flow resembles
a slug flow regime, with large air pockets that are located
mostly at the upper half section of the pipe. Increase the
flow velocity actually results in a transition to a dispersed
regime with small bubbles that are still concentrated in the
upper half part of the pipe (Fig. 4, bottom), as reported
by Thomas (1981) and Simmons and Azzopardi (2001).

3.8. Numerical approach

The aim of the numerical simulations presented here
is to allow a qualitative analysis of the phenomenon of
separation in view of the optimization in future design
process. The quantitative analysis of the effects of the
water superficial velocity, the inlet volume quality and of
the inlet pressure is based on the experimental results.

The numerical analysis of the fluid flow into the sepa-
rator is based on the Volume of Fluid (VOF) model. This
multiphase model is based on an Eulerian approach partic-
ularly adapted to this kind of systems since it gives access
to the spatial repartition of the phases. The phases are
considered immiscible in the present case.

The recommendations for this type of numerical anal-
ysis are widely discussed in the literature, (see, e.g. Hirt
and Nichols, 1981; Scardovelli and Zaleski, 1999). In the
present case, the geo-reconstruct method is used for the
phase interface representation. This method is derived
from the Piecewise Linear Interface Calculation (PLIC)
method (Youngs, 1982). A standard k — e model for the
turbulent flow modelling is used. The only volume force
acting on the separator is gravity.



Solver parameters - The CFD solver is FLUENT (Flu-
ent Inc., 2006). The time scheme is 2°¢ order implicit,
with a time step of 0.001 s corresponding to a CFL num-
ber close to 0.25. The spatial scheme is a 2"¢ order upwind
scheme for the momentum equations and the pressure-
velocity coupling is adressed with a transient PISO algo-
rithm.

Inlet boundary condition - The inlet boundary condi-
tion consists of a “velocity inlet” with a spatial distribu-
tion of the air fraction that best mimics the experimental
observations of Fig. 4. This spatial distribution is imposed
through the use of a partition of the inlet boundary into
two parts.

Outlet boundary conditions - The outlet boundaries are
of “pressure outlet” type: the static pressure is imposed
at these boundaries.

Meshing - The computational grid is presented in Fig. 5.

The mesh is of hybrid type, with structured cells upstream
and downstream of the separator deflector and unstruc-
tured cells in the bulk of the separator zone. A grid con-
vergence test has been performed: the final grid contains
108 cells.

Grid refinement
around the deflector

tructured Grd Unstructured grid

Figure 5: 3D mesh used for the numerical simulations.

3.4. Definition of the performance of a separator

A two-phase separator consists of one inlet and two
outlets. A mixture of air and water flows through the inlet
and in an ideal case, all the air would flow out through
one outlet (the purge) and all the water would flow out
through the other outlet (the main branch). Owing to this
remark, we introduce two quantities that will characterize
the overall performance of a separator. The first one is
called the efficiency and is of classical use in the Literature.
The second one is called the water conservation coefficient
and is not usually considered.

The efficiency is the ratio of mass flow-rate of purged
air to the mass flow-rate at inlet:

Mair,purge

€ =
Mair,in

This efficiency only considers the air flow in the purge.
It varies between 0 and 100%. One can imagine two sit-
uations where all the air would flow through the purge,
leading to an efficiency ¢ = 100%: one where no water
would flow through the purge, and the other one where
all the water would flow through the purge. The second
separator is obviously of extremely poor performance. For
this reason, we introduce the water conservation coefficient
Weon that vary between 0 and 100%. This quantity is the
symmetric of the efficiency, with air — water and purge —
outlet: it is a measure of the water mass flow-rate in the
main branch relative to the water mass flow-rate at inlet.

%% —1— Qw,purge
con —
Qw,in

This last quantity is of great interest for the specific au-
tomotive application, where the purge is connected to an
expansion tank of limited capacity.

4. Results

4.1. Effects of the flow velocity and of the inlet volume
quality

Figure 6: 3D CFD results of the separator at 0 = 45° for 8;, = 1%
and Jyp, = 2m.s™ L. a) Iso-surface of air volume fraction o at o = 0.5,
b) Contours of air volume fraction « in the symmetry plane of the
separator, and c¢) Velocity vectors in the same plane.



The instantaneous air volume fraction and flow veloc-
ities obtained by the numerical approach are presented in
Fig. 6 for B;, = 1% and J, = 2 m.s~ L.

The flow features that are observed in the numerical
analysis of the separator are in relatively good accordance
with the actual experimental observations (see Fig. 3c).
The recirculation zones that are highlighted in Fig. 3c are
indeed very well reproduced by the numerical simulation.
One can observe the presence of the same two zones in
the vector field displayed in Fig. 6¢. The first vortex is
close to the inlet, on the right side of the deflector in the
figure, and the other one is on the left side of the deflector.
As observed experimentally, the right side vortex enhances
the residence time and then contributes to the promotion
of the coalescence of air bubbles which may explain the
presence of the large air-pockets that can be observed in
Fig. 6b. Moreover, it is also observed that most of the
air bubbles are oriented toward the left side purge as in
the corresponding experiment. Nevertheless, the size of
the air bubbles is clearly overestimated in the numerical
simulation with respect to the experiments. This could
mainly be due to the two-phase inlet boundary condition
that expresses the air amount in terms of a volume fraction
in a mixture rather than in terms of localized bubbles of
pure air.

120 ‘ ‘ :
100 .
(@) *

8o : 1

€ (%)

60 b

20 wé |

20 I v : ]
I TN ——
0 ; ; ‘ :
0 1 2 3 4 5
B (%)

Figure 7: Efficiency € (a) and pressure drop Ap (b) as a function of
the air volume quality B;, for three velocities: o: Jy =1 m.s—1, [
Jw=2ms"!and A: J, =3 m.s~!. Closed symbols stand for the
numerical results.

The figure 7 presents the evolution of the efficiency €
and of the pressure difference between the inlet and the
outlet of the separator Ap as a function of the volume
quality at inlet 3;, for three water superficial velocities at
inlet. The closed symbols stand for the numerical results
and the open symbols stand for the experimental results.
Valve 4 is fully open in each case. The errorbars show

the standard deviation of the results, computed on several
realizations of the same experiment.

The numerical results match quite well the experimen-
tal results. The efficiency is however slightly underesti-
mated at the lowest water velocity: this parameter is in-
deed very sensitive to the choice of boundary conditions of
the numerical model. It is especially necessary to describe
accurately the distribution of air in the inlet section of the
separator.

The experimental efficiency is close to 100% for the low
velocity J, = 1 m.s™! (o in Fig. 7a). It is fairly indepen-
dent of the volume quality in the explored range. One can
notice a small decrease to € ~ 95% for the highest volume
quality B;, = 4%. The pressure drop in the separator is of
the order of 4 mbar and does not depend on ;.

The efficiency suddenly drops to € = 32% 4 7% for
Jy = 2 ms™! (O in Fig. 7a) and to ¢ = 15% + 4% for
Juw =3 m.s™! (A in Fig. 7a). It is still independent of the
volume quality. The pressure drops are respectively 24 and
58 mbars. The pressure drop in the separator thus does not
scale with J2 as would be expected for a singular pressure
drop in a turbulent single-phase flow, but increases faster:
a fit with a power law gives a a = 2.4 + 0.1 exponent
(Ap o< J2).

The flow velocity thus has a strong effect on the effi-
ciency whereas the variation of the volume quality between
1% and 4% only leads to second-order effect. The steep de-
creaseof the efficiency € between J, = 1 and J,, = 2 m.s~!
may be related to the change of flow regime of the incom-
ing two-phase flow from a plug flow to a bubbly flow.

4.2. Effects of the inlet pressure
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Figure 8: Efficiency € as a function of the air volume quality S;n,
at a velocity of J, = 2 m.s~! for three inlet pressures: [: Pj, =
1.17 bars, o: P;, = 1.24 bars and A: P;, = 1.63 bars. Closed
symbols stand for the numerical results.

The figure 8 presents the evolution of the efficiency ¢
as a function of the volume quality at inlet §;, for J, =
2 m.s~! and different inlet pressures that have been set
with different closings of Valve 4.

When Valve 4 is fully opened, the inlet pressure for
this velocity is P;,, = 1.17 bars () and one recovers the
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Figure 9: (a): Air volume quality Bout in the purge and (b): water
conservation coefficient Weop as a function of the air volume quality
Bin at a velocity of 2 m.s~! and a deflector inclination angle 8 = 45°
for three inlet pressures: [J: 1.17 bars, o: 1.24 bars and A: 1.63 bars.
Closed symbols stand for the numerical results.

data plotted in Fig. 7. A small increase in pressure to
P;, = 1.24 bars (o) has a very strong effect on the effi-
ciency: it is now 96% for 3;, = 1%. The shape of the
curve is also completely different. The efficiency now de-
creases significantly with increasing the volume quality,
down to 60% for f3;, = 4%.

Increasing further the pressure to P;, = 1.63 bars (A)
does not change the efficiency and seems to lead to equiv-
alent performance as for P;,, = 1.24 bars. The effect of
inlet pressure is not related to a change of two-phase flow
regime. The increase of inlet pressure may increase the
mixture flow-rate through the purge (the pressure drop
applied between the inlet and outlet in the purge branch
is increased). The efficiency of the separator thus increases
as a first order effect. The question is then to what extent
the increase of inlet pressure modifies the mixture quality
in the purge. The study of the water conservation coeffi-
cient will help to answer this question and to compare the
results for P;, = 1.24 bars and P;, = 1.63 bars that have
the same efficiencies.

The figure 9 presents the air volume quality Boy: in
the purge and the water conservation coefficient W, at
Juw =2 m.s~! for three inlet pressures.

A great difference between the pressure levels Pj, =
1.24 bars (O) and P;,, = 1.63 bars (A) can be seen. The
mixture for P;, = 1.24 bars contains roughly twice more
air than for P;, = 1.17 bars for the same water flow-rate
which explains the efficiency doubling. On the contrary,
for P;;, = 1.63 bars, the volume quality in the purge is the
same as for P, = 1.17 bars and the efficiency doubling is
due to a doubling of the liquid flow-rate in the purge. The

overall performance of the separator at P;,, = 1.24 bars is
thus much better than the performance at P;,, = 1.63 bars
since both the same volume of air and half water are ex-
tracted through the purge.

5. Conclusion

An experimental analysis of the performances of a sep-
arator with deflector is presented in this article. The ef-
fects of the tilt angle of the deflector and of the absolute
inlet pressure are compared for various mixture velocities
and air volumetric concentrations. It is demonstrated that
the efficiency of the separator is tightly linked to the flow
regime and to the inlet pressure and that there exists only
one optimal tilt angle of the deflector for all flow-regimes.
In addition to the experiments a numerical simulation has
been performed to allow a better understanding of the flow
patterns in the separator. The simulation is in relatively
good agreement with ther experiments, especially regard-
ing the prediction of the separator performances. The sizes
of the air bubbles are however overestimated. This over-
estimation is mainly due to the inlet boundary condition
for the air volume fraction. The use of a “user defined
function” (Fluent Inc., 2006) which enables to inject the
air in terms of intermittent pockets should overcome this
problem.

Finally the main contribution of this assessment anal-
ysis is to demonstrate that for this class of separators, two
performance parameters are needed to fully characterize
the separator: 1) the “classical” performance coefficient
and 2) a coefficient that measures the purge water flow
rate. Furthermore, this kind of separator presents only
one design point where it is very efficient and is also very
sensitive to very small variations in the vicinity of this de-
sign point. In the case of the automotive application, other
technological solutions such as compact vortex separators
may be more appropriate.
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