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a b s t r a c t

The gas–liquid separator plays a key role in the fission gas removal system for Thorium Molten Salt
Reactor (TMSR). The separation principle in swirling flows indicates that the bubbles will be gathered
in the swirl chamber center. These bubbles can be collected in three ways, including through the
upstream orificeonly (UO), the downstream orifice (DO) only or two orifices simultaneously (TO). As a
follow-up study, this paper is focused on the effect of the bubble collection on the separator perfor-
mances. To do this, experiments for each collection scheme were conducted under different Reynolds
numbers and swirling numbers. The experimental results suggest that the collection ways influence
the two-phase flow patterns dramatically. To compare the performances between the TO and UO, the
critical backpressure and the liquid entrainment ratio were summarized. The results show that the crit-
ical backpressure for the UO is much higher than that for the TO. However, the liquid entrainment ratio
for the UO is very close to that for the TO. Therefore, the selection of the separation path is of significance
to the efficient operation of the gas–liquid separator.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The molten salt reactor is a promising Generation IV reactor
design to meet the increasing electricity demands worldwide,
and therefore attracts interest to many researchers (Lin et al.,
2016; Lv et al., 2016). In Ma et al. (2015) and Yin et al. (2015a,b),
authors investigated the gas core formation in a gas–liquid separa-
tor applied to the fission gas removal system in the Thorium Mol-
ten Salt Reactor (Yin et al., 2015a,b). The fundamental principle for
gas separation is similar to that in hydro-cyclones (Hreiz et al.,
2011), i.e. bubbles dispersed in swirl flow are accumulated and
coalesced into a gas core, which forms a stratified interface
between phases and leads to a consequent phase separation. How-
ever, how to select a suitable separation route for the bubbles is
still lack of knowledge. For the configuration of the hydro-
cyclone (Hreiz et al., 2011; Wang et al., 2011; Narasimha et al.,
2012), there are an underflow orifice and overflow orifice, which
receive the liquid phase and the gas phase, respectively. However,
for the gas–liquid separator introduced in Yin et al. (2015a,b), both
the downstream orifice and the upstream orifice are designated for
receiving the gas phase. Hence, there are three possible routes to
separate the bubbles, namely, through the downstream orifice
(DO), through the upstream orifice (UO), and through two orifices
(TO). To have a deep understanding of the effects of the bubble sep-
aration routes on the separation performances, an experimental
study focusing on three separation routes was carried out. The
structure of this paper is arranged as follows: the experimental
specifications are detailed in Sections 1 and 2 presents the exper-
imental results and discussions. Finally, the effects of separation
routes on the back pressure and the liquid entrainment ratio are
summarized in Section 3. The conclusion is drawn in Section 4.
2. Experimental procedure

The experiment was conducted in the experimental apparatus
used in our previous study (Yin et al., 2015a,b). Fig. 1 illustrates
the modified experimental system, in which the separator config-
uration is composed of a swirl vane, a swirl chamber, and a recov-
ery vane. The three separation routes were obtained by controlling
two valves installed in the branch pipes which connect the down-
stream orifice and the upstream orifice with a water tank. The
mode in which both valves are open and the light phase will flow
through the downstream orifice and the upstream orifice simulta-
neously is denoted by TO mode. The mode in which the valve V2 is
closed and the valve V1 is open and the gas phase flows only
through the downstream orifice receives is denoted by DO mode.
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Nomenclature

Poutc critical back pressure
QLin liquid phase volumetric flow rate at the separator inlet
QLout liquid phase volumetric flow rate at the separator outlet
Re Reynolds number

S Swirl number
k liquid entrainment ratio

Table 1
The test conditions indicating 3 � 2 � 4 = 24 operating points.

Variable Value

Mode UO, DO, TO
S 0.77, 1.71
Re 56,419, 98,734, 119,890, 141,048
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And the mode with V1 closed and V2 open, under which the gas
phase flows through the upstream orifice is named by UO mode.
The flow conditions covers four Reynolds numbers, which is
defined based on the swirl chamber diameter and the upstream
averaged velocity, ranging from 56,419 to 141,048. Two swirl
vanes with different outlet angles were adopted to elucidate the
effects of the swirl number, which is defined as the ratio of the
axial flux of azimuthal momentum to the axial flux of axial
momentum times the equivalent radius. Based on the method pro-
posed by Beer (Chigier and Beér, 1983), Eq. (1) was adopted to cal-
culate the geometrical swirl number, where Ro denotes the inner
diameter of the swirl chamber, Ri is the diameter of the hub of
the swirl vane, and a is the outlet angle. With Eq. (1), the swirl
numbers for two swirl vanes are 0.77 and 1.71, respectively.

S ¼ 1
2
1� ðRi=RoÞ4
1� ðRi=RoÞ2

tana ð1Þ

As is introduced in Alekseenko et al. (1999), to achieve a suc-
cessful bubble separation, two objectives should be fulfilled. The
first objective is the formation of a gas core with clear interface
and straight-line shape for bubbles evacuating from the separator
(Sripriya et al., 2013; Li et al., 2015). The second objective for eco-
nomical operation is the liquid entrainment ratio k, defined as
Eq. (2) (QLin is the volumetric flow rate at the separator inlet, and
QLout is the volumetric flow rate at the separator outlet), should
be as small as possible. The following discussion will focus on
the effects of separation routes on the air core formation and the
liquid entrainment ratio.
Fig. 1. The experimental rig (V1 and V2 denote the co
k ¼ QLin � QLout

QLin
ð2Þ
3. Results and discussion

3.1. Two phase pattern development with Reynolds number

The flow pattern evolutions under the conditions listed in
Table 1 were visualized by high speed camera. As was introduced
in our previous study (Yin et al., 2015a,b), the gas core formation
depends on the variations in the back pressure. Figs. 2–4 show
the flow pattern evolution for S = 0.77 (TO) under different Rey-
nolds numbers, which indicates the gas core formation in the TO
mode is featured by a four-stage evolution process including ‘‘air
core with suction”, ‘‘tadpole shaped core”, ‘‘cloudy core” and ‘‘rod
core”. The ‘‘rod core” is presented as the final state of the evolution
and also the expected flow pattern under which the bubbles are
separated completely. The back pressure at the separator outlet
which promotes the occurrence of ‘‘rod core” is defined as the
ntrol valves used to change the separation route).



A. Pout=3.0 kPa 

B. Pout=6.0 kPa 

C. Pout=11 kPa 

D. Pout=23 kPa 

Fig. 2. The gas core evolving with the increase of the back pressure with S = 0.77
and Re = 56,419 (TO).

A. Pout=6.0 kPa 

B. Pout=13 kPa 

C. Pout=15 kPa 

D. Pout=41kPa 

Fig. 3. The gas core evolving with increase of the back pressure with S = 0.77 and
Re = 98,734 (TO).

A. Pout=18kPa 

B. Pout=30kPa 

C. Pout=78kPa 

D. Pout=120kPa 

Fig. 4. The gas core evolving with increase of the back pressure with S = 0.77 and
Re = 141,048 (TO).

A. Pout=3.0kPa 

B. Pout=8.0kPa 

C. Pout=21.2kPa 

Fig. 5. The gas core evolving with increase of the back pressure with S = 0.77 and
Re = 56,419 (DO).

A. Pout=0.023MPa 

B. Pout=105kPa 

C. Pout=186.0kPa 

Fig. 6. The gas core evolving with increase of the back pressure with S = 0.77 and
Re = 98,734 (DO).

A. Pout=67.0 kPa 

B. Pout=137kPa 

C. Pout=174kPa 

Fig. 7. The gas core evolving with increase of the back pressure with S = 0.77 and
Re = 141,048 (DO).
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critical back pressure. The flow pattern evolution for the DO mode
is illustrated in Figs. 5–7, which indicates that the gas core forma-
tion can be divided into the following three stages. The transition
between the stages is also closely dependent on the variation in
the back pressure, a certain low level of which will lead to a large
gas core attached with a spiral tail (shown in Figs. 5A–7A). Since
the range of motion of the tail is out of the scope of the down-
stream orifice, bubbles cannot be separated. As the back pressure
increases, the gas phase distribution (see Figs. 5B–7B) is varied in
that the spiral tail is transformed into a gas filament. Under this sit-
uation, all the bubbles are separated completely, which implies a
complete separation. With further increase of the back pressure,
the propagating of the gas filament from the left-hand side toward
the swirl vane side leads to the formation of the ‘‘rod core” (see
Figs. 5C–7C). Again, the flow pattern with ‘‘rod core” is finalized
with higher back pressures. Among the three stages, even though
the bubbles can be totally separated at the second stage, the final
stage is still recommended to be adopted for bubble separation
for the reason that the flow at the second stage is not stabilized.
Thus, the back pressures accounting for the ‘‘rod core” in the DO
mode is defined as the critical back pressure. The flow pattern
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evolution for UO shown in Figs. 8–10 can also be divided into three
stages depending on the variations in the back pressure. Under a
low back pressure, the gas phase arises in the form of a gas core
shaping like a double helix (Figs. 8A–10A). Bubbles cannot be sep-
arated and flow downward to the recovery vane. An increased back
pressure will shrink the double helix into a cylindrical body on the
right side and a gas filament on the left side (Figs. 8B–10B). The tail
of the filament swings in a divergent manner so that the bubbles
can only be partially separated. With further increase of the back
pressure, the prominent change is that the gas phase is evolved
into a gas filament (Figs. 8C–10C), which finalizes the flow pattern
with the further increase of the back pressure. Since bubbles at all
stages involved in the UO mode can only be partially removed, the
UO mode should not be adopted for the bubble separation and no
critical back pressures can be defined in the UO mode.
A. Pout= 0.0 kPa 

B. Pout=6.0 kPa 

C. Pout=14.0 kPa 

Fig. 8. The gas core evolving with increase of the back pressure with S = 0.77 and
Re = 56,419 (UO).

A. Pout=5.0kPa 

B. Pout=12.0kPa 

C. Pout=17.0kPa 

Fig. 9. The gas core evolving with increase of the back pressure with S = 0.77 and
Re = 98,734 (UO).

A. Pout=67.0 kPa 

B. Pout=137.0 kPa 

C. Pout=174.0 kPa 

Fig. 10. The gas core evolving with increase of the back pressure with S = 0.77 and
Re = 141,048 (UO).
3.2. Two phase pattern development under high swirl number

To clarify the flow pattern evolution with the swirl number,
visualization experiment was conducted with the swirl vane at
S = 1.71. All the Reynolds numbers in Table 1 were covered in the
measurement. Since the flow patterns behave in a similar manner
basically, the case of Re = 98,734 is illustrated in Figs. 11–13 as an
example. Compared with the case of S = 0.77 (Fig. 3, Figs. 6, and 9),
the evolution of the two phase pattern is basically similar in that
the process of the gas core formation is divided into four stages
in the TO mode and three stages in the DO and UO mode. In the
meantime, bubbles can only be partially separated in the UOmode.
The difference for S = 1.71 is that the critical conditions, namely the
A. Pout=7.0 kPa 

B. P=11.0 kPa 

C. Pout=14.0 kPa 

D. Pout=22.0 kPa 

Fig. 11. The gas core variation with increase of the back pressure with S = 1.71 and
Re = 98,734 (TO).

A. Pout=10.0 kPa 

B. Pout=34.0 kPa 

C. Pout=56.0 kPa 

Fig. 12. The gas core evolving with increase of the back pressure with S = 1.71 and
Re = 98,734 (DO).

A. Pout=7.0 kPa 

B. Pout=11.0 kPa 

C. Pout=14.0 kPa 

Fig. 13. The gas core evolving with increase of the back pressure with S = 1.71 and
Re = 98,734 (UO).



Fig. 15. The critical back pressure variation with Re when S = 1.71.

Fig. 16. The liquid entrainment ratio variation with Re when S = 0.77.
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critical back pressures for each stage in the whole evolution pro-
cess are distinct. The discrepancies of the back pressure can be
ascribed to the pressure loss variation with the swirl number and
will be summarized in the following section. Another difference
lies in the morphology of the two phase flow pattern, which can
be identified from the comparison between Figs. 9 and 13. The
gas phase distribution at the first stage for S = 0.77 is double helix
shaped while at the shape for S = 1.71 is more cylindrical. Also, a
straight and clear gas filament is established at the third stage
for S = 0.77, while the gas phase distribution for S = 1.71 is obscure.
The mechanism accounting for the gas phase distribution cannot
be uncovered until the data of the bubble coalescence in the swirl
flow is available (Krishna et al., 2010). Hence, the flow pattern
development under high swirl number suggests that the effect of
the separation routes on the separation performance still remains
unchanged with variation in the swirl number.

3.3. Critical conditions for bubble separation

As mentioned above, the back pressure at the separator outlet
under which the flow pattern was initially established for complete
bubble separation is defined as the critical back pressure, Poutc. The
critical conditions for both the TO mode and DO mode under
the ranged Reynolds numbers and swirl numbers are presented
in Figs. 14 and 15. It can be seen that the critical back pressure
always increases with the Reynolds number in the TO mode, while
the variation of the critical back pressure with the Reynolds num-
ber in the DO mode is dependent on the swirl number, i.e. the crit-
ical back pressure increases with Re in the case of S = 0.77 and
decreases with Re in the case of S = 1.71. The underlying flow
mechanism to explain this is not available without a detailed
exploration into the flow field.

3.4. Separation performance comparison between TO and DO

The separation performance of the separator is evaluated by
three indices including the separation efficiency which denotes
the ratio of the separated bubbles to the total, the pressure loss
which determines the power needed to drive the flow, and the liq-
uid entrainment ratio defined as the ratio of the liquid entrained
out of the separator to the total liquid. Since all the bubbles are
completely separated in the current separator design, the pressure
loss and the liquid entrainment ratio were compared for the TO
mode and DO mode. The results indicate that there is little differ-
ence of pressure loss, which is not presented herein. As for the
liquid entrainment ratio, Figs. 16 and 17 show the liquid entrain-
ment ratio variation with Re for the TO mode and the DO mode.
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Fig. 14. The critical back pressure variation with Re when S = 0.77.

Fig. 17. The liquid entrainment ratio variation with Re when S = 1.71.
In the case of S = 0.77, the liquid entrainment ratio for the TO is lar-
ger than that for the DO under high Reynolds numbers, while smal-
ler under low Reynolds numbers. However, in the case of S = 1.71,
the liquid entrainment ratio for the TO mode is always less than
that for the DO mode. The discrepancy between two swirl numbers
can be related to the critical conditions for the gas core formation
presented in Figs. 14 and 15, from which it can be seen that only
the critical back pressure for S = 0.77 in the DO mode decreases



TO DO UO

Fig. 18. The qualitative schematic map of the air core behavior for three separation
schemes.
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with Reynold number. Since the quantity of the liquid entrained
out of the separator is mainly ascribed to the pressure difference
between the back pressure at the downstreamnupstream orifice
and the ambient pressure, the liquid entrainment ratio for
S = 0.77 in the DO mode basically approaches to be constant with
the increase of the Reynolds number.

3.5. Vortex filament variation

It can be concluded from the above analysis that different sep-
aration routes have significant effects on the separation perfor-
mance. To further investigate the flow mechanism dominating
the separation performance, a qualitative schematic map of the
two phase flow pattern evolutions for three separation routes
was illustrated in Fig. 18, which basically ascribes the two phase
evolution to the swirl instability issue. According to instability
studies (Syred, 2006; Shi et al., 2016; Shtork et al., 2008; Dinesh
et al., 2009; Shi et al., 2015a,b) on the swirling instability, the com-
monly used criteria to identify the occurrence of the swirl instabil-
ity is the swirl number and the Reynolds number. However, it is
not this case in this study. All the flow pattern variations were
observed with fixed swirl numbers and Reynolds numbers. One
possible reason is that it is the axial velocity distribution at the vor-
tex center that dominates the gas core evolution behavior. As con-
cluded in the studies on the helical vortices by Alekseenko et al.
(1999), the swirl flow regime is sensitive to the axial velocity dis-
tribution at the swirl chamber center. When the back pressure var-
ies in three separation routes, the only affected variable for the
flow field is the axial velocity distribution in the swirl chamber.
Hence, a preliminary explanation to the separation performance
discrepancies is that it is the difference of the axial velocity distri-
bution for three separation schemes that is responsible, thus a fur-
ther study on how the axial velocity distribution influences the
swirl flow instability is necessary for validation.

4. Conclusion

In this paper, an experimental study focusing on the bubbles
separation routes in an axial gas–liquid separator was presented.
There are three possible routes (denoted as TO, UO, DO) by which
the bubbles can be separated. To compare the capability and the
performance for the three separation routes, the evolution and
the liquid entrainment ratios were investigated. The experimental
results indicate that the two phase flow pattern behaves in differ-
ent manners under three routes. bubbles can totally separated in
the flow regime developed in the TO mode and DO mode. Hence,
only the TO and DO routes can be adopted for the separation pur-
pose. It was also validated that the flow pattern evolutions under
swirl number S = 1.71 is similar to that under swirl number
S = 0.77. A summary of the critical back pressures indicate that Poutc
for the DO mode is much higher than that for the TO mode. The
flow pattern variation can be ascribed to the vortex filament vari-
ation in the swirl flow. A schematic map summarized from the flow
pattern evolution indicates that the gas core formation is domi-
nated by the swirling instability. A preliminary explanation to
interpret the underlying flow mechanism for the vortex filament
evolution is that the axial velocity distribution affects the swirling
flow regime transition. However, a further detailed flow field
investigation is still needed to validate that.
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