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ABSTRACT

The rotating flash flow has rarely been studied, although its characteristics affect significantly the performance of
the two-phase flow turbine. In this paper, through analyzing the flashing flow obtained by CFD methods, which is
validated with the experimental data, the relationships of average flow parameters under various rotational
speeds were studied theoretically and numerically using the flow equations established on the Frenet coordinate
system. The ratio of the mass flow rate under various rotational speeds was formalized and found to be
dependent on the rotational speed and thermophysical properties. The generation and development of vapour
were revealed and correlated to the geometry of the channel. The secondary flow in the flashing rotating channel
was discussed and found to rotate in opposite directions upstream/downstream of the throat. The flashing
induced near the throat had the effect on flow homogenizing in the normal direction of the cross-section. The
analysis could be further applied to the analogy of the secondary flow between the rotating single-phase flow and

the rotating flashing flow.

1. Introduction

The stationary flashing flow can take place in various industrial
equipment, such as pipelines in nuclear plants [1], fuel injectors [2,3],
CO; ejectors [4], desalination chambers [5], safety valves [6,7], water
and liquid nitrogen spray [8,9], converging-diverging nozzles [10,11],
and so on. The rotating flashing flow appears in the utilization of LNG's
cold exergy [12], supercritical compressed air energy storage system [13],
geothermal turbines [14,15], and so on. However, there is little research
on the flashing flow characteristics in the curve rotating channel.

The flashing flow in stationary channels has been studied theoreti-
cally, numerically, and experimentally so far. The nucleation theory
[16-19] has proved to be essential for the closure and accuracy of the flow
equations. The critical mass flow rate under the choking conditions was
correlated with working conditions and thermophysical properties by
Leung [20], Angielczyk et al. [21], and Leung and Grolmes [22]. Through
studying the pressure profile along the flow direction, the pressure un-
dershoot phenomenon was found and correlated by Jones [23], Alamgir
and Lienhard [24], and Attou and Seynhaeve [25]. The pressure profile
and the bubble evolution of the flashing flow in pipes and nozzles were
revealed using pressure sensors and high-speed cameras. Abuaf et al. [26]
presented pressure profiles in a series of converging-diverging nozzles
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under various working conditions through experiments, which were
extensively used in many numerical studies to validate mathematical
models. Manera et al. [27] visualized the flow pattern under both sta-
tional and transient conditions using wire-mesh sensors. Using high-speed
cameras, Wang et al. [28] and Gartner et al. [29] studied the flashing
spray of R134a and liquid nitrogen, respectively. Due to the complexity
and difficulty in studying the flashing process experimentally, many re-
searchers developed numerical methods to simulate flow features and to
design flow channels. Liao and Lucas [11] reviewed the application of
CFD in studying flashing flow. As revealed in previous researches [30-37]
about the flashing flow profile in stationary channels, there is a vapour
ring generated at the throat of the channel, which develops along with the
flow or disappears after a certain distance depending on the geometry.
The vapour ring is a kind of annular flow regime caused by the hetero-
geneous nucleation of the bubble near the wall and the sudden change of
the geometry. Rane and He [38] showed the vapour ring in the rotating
channel designed by Date et al. [39], and Li et al. [15] revealed the vapour
ring could exist in the square channel with the gradually changing ge-
ometry near the throat.

However, there is little research on the flashing flow in the rotating
channel and the flow features have not been analyzed in detail. For a
long time, there were several challenges in the study of the rotating
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flashing flow. Firstly, it was hard to measure or predict the flow pa-
rameters of the liquid-vapour mixture in rotating channels. Secondly, it
was hard to control the flashing process and there were few mathe-
matical models for the rotating flashing flow. Thirdly, the pressure un-
dershoot phenomenon affected the pressure distribution and the flow
rate significantly. Although Date et al. [39] published the experimental
performance of the two-phase reaction turbine and Rane and He [38]
simulated the rotating flashing flow in this turbine, it can be found that
in the flashing rotational channel, the variation of the mass flow rate
under various rotational speeds has not been fully understood, the
vapour ring has not been studied, and the secondary flow has not been
revealed.

In the present paper, the rotating flashing flow in a two-phase flow
turbine was investigated analytically for the first time. Firstly, the flashing
flow field in a two-phase flow turbine was analyzed numerically based on
the flashing models proposed by Rane and He [38] and compared with the
experimental data published by Date et al. [39], and the vapour ring and
liquid attachment effects were provided and analyzed. Secondly, the flow
mechanism of the effects was demonstrated based on rotating flow for-
mulas derived for the internal rotating flashing flow in the curved channel
with varying cross-sections under various rotational speeds. This paper
demonstrates the flow features of the rotating flashing flow and explains
them by using an analytical method. To our best knowledge, this kind of
study has not been reported in open literature so far.

In this paper, Section 2 describes the geometry model of the flashing
rotating channel in the tested two-phase turbine, as well as simulation
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methods and results. In Section 3, average flow parameters and the
vapour ring are presented. The relationship of the flow parameters
under various rotation speeds, the distribution of the vapour volume
fraction and the secondary flow are explained in Section 4.

2. Model and validation

The flashing rotating channel was applied in the two-phase reaction
turbine tested by Date et al. [39], as shown in Fig. 1(a). CFD methods are
applied to simulate the flashing flow in the tested turbine and validated
with the experimental data. Therefore, the detailed flow information of
the rotating flashing flow can be obtained.

In the experimental research of Date et al. [39], the liquid flows into
the test section through a tube that is mounted on the bottom of the
turbine. Inside the turbine, as shown in Fig. 1(b), a mechanical seal is
installed between the tube and the impeller entrance to prevent leakage
through the gap. After entering the rotating impeller, the liquid flows
along the channel of the impeller and vaporizes near the throat, as
shown in Fig. 1(c) and (d). The two-phase mixture leaves the impeller at
the outlet of the channel and enters the case of the turbine. Then, the
two-phase mixture flows along a vacuum vessel, which is installed above
the turbine. After leaving the vessel, the two-phase flow is condensed in
the condenser.

Fig. 1(d) is the photograph of the machined impeller. There are two
channels in the impeller. The subcooled liquid enters each channel at the
inlet and flows along the channel. The shape of the cross-section is
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Inlet tube

Bottom case

|

t

Liquid inlet

(b) Diagram of the flow passage

(d) Half of the impeller

Fig. 1. Configuration of the two-phase turbine test rig and the channel of the impeller [39,40].
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circular, and the radius of the cross-section decreases from the inlet to
the throat. The liquid vaporizes near the throat. From the throat to the
outlet of the channel, the radius of the cross-section increases, and the
flashing flow further develops. The detailed geometry information and
the experimental data of the turbine were published by Date et al. [39]
The distance between the center of the throat and the rotating center is
59 mm and the radius of the impeller is 150 mm. In the experiment, the
inlet pressure, the inlet temperature, the flow rate, the outlet pressure
and the output power are measured. The rotational speed in the
experiment increases to 7306 rpm, while the design rotational speed for
the impeller is 20,000 rpm.

The flashing flow in this impeller has been simulated using CFX
software by Rane and He [14,38,41,42]. In the simulation, mathemat-
ical models are validated with the experimental data. The rotating flow
passage includes a short section of the inlet tube, the channels and a part
of the chamber between the case and the impeller. A quarter of the flow
passage is simulated because there are two channels in the impeller and
the geometry of the channel is symmetric about the mid-plane. Thus, the
symmetric boundary is set at the mid-plane of the flow passage, and two
periodic boundaries are set in the chamber, as shown in Fig. 2. The wall
of the channel in the computational domain is divided into two parts for
convenience: the wall facing the direction of the rotation is called the
pressure side and the wall facing the opposite direction of the rotation is
called the suction side. The pressure inlet and the pressure outlet are set
at the inlet and the outlet of the domain, separately. The volume fraction
and the temperature are also given at the inlet boundary. In both the
simulation and the experiment, the inlet absolute pressure is 400 kPa,
the inlet temperature is about 117 °C and the outlet pressure is 7.7 kPa.

In the simulation, the liquid water is set as the continuous phase and
the vapour water is set as the dispersed phase. Shear Stress Transport
turbulence model is used, and the heat transfer model is dependent on
the fluids. The liquid temperature is solved through conservation
equations and the vapour temperature is always equal to the local
saturation temperature, which is determined by the local pressure of the
fluid. Thermophysical properties of the liquid water and the liquid
vapour are obtained using IAPWS-97. The Nusselt number for the heat
transfer between the liquid and the vapour is derived using the thermal
phase changing method, which is recommended for simulating the
flashing flow in stationary nozzles by Liao and Lucas [43]. The initial-
ization is highly related to the divergence of the simulation and Rane
and He [38] proposed the initialization method of the pressure, volume
fraction and temperature.

The validation of the simulation is illustrated in Fig. 3. The mass flow
rate increases with the rotational speed. The predicted mass flow rate
agrees with the experimental results, and the deviation between the CFD
and the experiment decreases with the rotational speed, as shown in
Fig. 3(a). The tested output power of the turbine increases with the
rotational speed if the rotational speed is lower than 4623 rpm and keeps
constant when the rotational speed increases from 4944 rpm to 5786
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rpm. The output power can reflect the trends of the experimental results.
The deviation between the CFD and the experiment reaches the mini-
mum when the rotational speed is 4623 rpm, as shown in Fig. 3(b). The
detailed flow field of the simulation results is analyzed detailed in the
following sections.

3. Simulation results

The validated CFD model is then used to obtain the flashing flow
field and analyze flow features in the channel of the turbine, including
the average flow parameters and the vapour ring. The obtained results
are presented and discussed in this section.

3.1. Average rotating flashing flow parameters

Average flow parameters are calculated on cross-sections that are
normal to the center line of the channel, as shown in Fig. 4. The channel
rotates about the w-axis which is in the Cartesian coordinate system
based on the origin point. Thus, the distribution of flow parameters on
cross-sections can reflect average flow characteristics along the channel.

The averaged pressure profiles on cross-sections are shown in Fig. 5
(a). The horizontal axis is the radius of the center line used to identify
the location of the cross-section. Before the throat, the pressure increases
along the direction of the center line and the magnitude of the pressure
gradient increases with the rotational speed. Before the throat, the
subcooled liquid is not vaporized significantly, and the rotating liquid
flow may be similar to the flow in pumps. However, it does not mean
that the pressure must increase before the throat. The pressure could
decrease along the flow direction, and the subcooled liquid flow may be
similar to the flow in liquid turbines before the throat. Whether the
pressure should increase or decrease is determined by the rotational
speed and the design angle of the center line, which can be used to derive
the relative flow angle. A significant difference in the pressure distri-
bution between the rotating flashing flow and the rotating single-phase
flow is the large pressure gradient near the throat, where the pressure
decreases significantly to a specific pressure (63— 65 kPa) which is
higher than the outlet pressure (7.7 kPa), but far less than the local
vaporization pressure (181 kPa). The specific pressure is almost constant
among various rotational speeds. The large pressure drop can be related
to the pressure undershoot phenomenon of the flashing flow in
convergent-divergent nozzles. After the throat, the pressure decreases
gradually along the flow direction.

The averaged liquid relative velocity profiles are shown in Fig. 5(b).
Before the throat, the velocity and the magnitude of the velocity
gradient increase along the direction of the center line under a certain
rotational speed. Near the throat, the velocity reaches the local peak,
which increases with the rotational speed. After the throat, the velocity
does not increase any more but keeps almost constant if the radius is
between 59 and 65 mm. After the throat, the velocity continues to
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Fig. 2. Computational domain and boundary conditions [38].



H. Liand Z. Yu

o
~1

—— CFD
--7r-- Experiment

— — —
- N ()

—
w

Flow rate (I./min)

3000 4000 5000

Rotational speed (rpm)

2000 6000

(a) Flow rate

International Communications in Heat and Mass Transfer 126 (2021) 105434

1600

—e— CFD
1400 ~~**-- Experiment

)

< 1200¢

W

Output power (V

1000

800

3000 4000 5000

Rotational speed (rpm)

0 L
000 2000 6000

(b) Output power

Fig. 3. Comparison of the flow rate and the output power between CFD and experiment.

Flow directione=——=>

(R =

Cross-sections

Centerline

Fig. 4. Cross-sections in the channel for analysis.

increase gradually until the radius reaches 123 mm. But for the rota-
tional speed higher than 3055 rpm, the velocity still increases near the
outlet. It should be noted that under the constant inlet pressure and inlet
temperature, the liquid relative velocity determines the mass flow rate.
Thus, the ratio of the liquid relative velocity near the inlet is equal to the
ratio of the mass flow rate. But after the throat, the liquid vaporizes
significantly and the density of the mixture decreases significantly, so
the ratio of the liquid relative velocity downstream the throat cannot
determine the ratio of the mass flow rate any more.

The averaged liquid absolute velocity profiles are shown in Fig. 5(c).
The variation of the absolute velocity is determined by the relative
velocity, the relative flow angle and the circumferential velocity. Near
the inlet, the liquid relative velocity is much lower than the circum-
ferential velocity. Thus, the liquid absolute velocity is almost equal to
the circumferential velocity near the inlet. However, the liquid absolute
velocity near the throat decreases due to the variation of the liquid
relative velocity and the relative flow angle.

The averaged vapour volume fraction profiles are shown in Fig. 5(d).
Near the inlet, there is slight vaporization due to the change of the ge-
ometry since the vapour volume fraction is larger than zero when the
radius is about 25 mm. The vapour generation becomes significant at the
throat, but the gradient of the vapour volume fraction decreases along
the direction of the center line after the throat. The deviation of the
vapour volume fraction is low among various rotational speeds.

According to the mathematical models presented by Rane and He
[38] and Li et al. [15], the driving force of the vaporization includes the
superheat degree of the liquid and the slip ratio. The Nusselt number Nu
determines the heat transfer rate between the liquid and the vapour and
can be expressed as

12 2
Nu=—=Ja+24 /= o)
Vs V3

The first term on the right of Eq. (1) represents the effect of the su-
perheat degree of the liquid Nuy, on the flashing, while the second term

represents the effect of the slip ratio Nup,. The average Nusselt numbers
along the flow direction are illustrated in Fig. 6 under various rotational
speeds. The Nusselt number decreases as the rotational speed increases.
After the throat, the vaporization is triggered, and the Nusselt numbers
jump to high values and increases along the flow direction. Nuy, is
almost 2/3 of Nu and plays a dominant role in vaporization. The effect of
Nup, cannot be neglected because it accounts for 1/3 of Nu.

3.2. Vapour ring

The triggering stems from the wall of the throat and develops from
the wall into the inner core of the flow as shown in Fig. 7. The left side is
the pressure side, and the right side is suction side from Fig. 7(b) to (m).
The liquid in the inner core results from the inertial effect, while the
vapour generation near the wall is caused by the low local pressure.
Thus, the vapour near the throat forms a ring because the cross-section
of the channel is circular. The vapour ring is generated at the throat
which is Plane 1 and develops along the center line as shown in Fig. 7(b)
to (m). Before Plane 5, the size of the liquid core is almost constant and
the liquid volume fraction decreases along with the flow in the liquid
core, as shown in Fig. 7(a). After Plane 5, the vapour develops signifi-
cantly into the liquid core and the liquid core is almost invisible in Plane
12. It can also be found that the inner shape of the vapour ring is not a
perfect circle due to rotating and geometrical effects. As shown in Fig. 7
(c) and (d), the thickness of the vapour ring is larger near the pressure
side than that near the suction side, because the inner liquid core turns a
lower angle than the angle of the center line under the inertial effect.

3.3. Backflow in the ring

There are low-speed regions near the pressure line and suction line
after the throat as shown in Fig. 8(a). Fig. 8(b) to (m) show the liquid
relative velocity projected on the centerline direction in cross-sections
normal to the centerline direction. It can be found that the low-speed
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region is ringlike inside the vapour ring, the thickness of the low-speed
region is higher near the suction side than the pressure side, and the
liquid velocity in the liquid core is almost constant. The size of the low-

speed region shrinks from the top and bottom of the cross-section to the
suction line as shown in Fig. 8(e) to (h). However, the shrinking process
is not uniform along the wall. The high-speed regions shrink along the
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Fig. 7. Vapour volume fraction in cross-sections near the throat at 4623 rpm.

flow direction. It should be noted that the minimum liquid relative ve-
locity is lower than zero in the low-speed region, as shown from Fig. 8(c)
to (g), which indicates that the liquid in these regions flows backwards.

Fig. 9 show the vapour relative velocity near the throat. Due to the
sudden change of the geometry at the throat and the inception of the
vapour, the vapour relative velocity is high near the throat. There are
also low-speed regions after the throat near the wall, as shown in Fig. 9
(a). The size of the low-speed region of the vapour is lower than that of
the liquid as shown from Fig. 9(c) to (f). The vapour is generated
significantly in the vapour ring and the liquid relative velocity is high in
the liquid core, so there is a ring of high vapour speed region inside the
vapour ring, as shown in Fig. 9(g). The high vapour speed region shrinks
from Fig. 9(h) to (m) and causes high liquid speed regions shown from
Fig. 8(g) to (h).

4. Further analysis of the results

The flashing flow features in the rotating channel can be further
explained using two-phase flow equations. In this section, the flow
equations are built, ratios of average flow parameters under various
rotational speeds are analyzed, and the secondary flow in the channel is
discussed.

4.1. One-dimensional governing equations for rotating flashing flow

In this section, a one-dimensional method was employed to identify
the flashing flow mechanism of vapour ring. The rotating flashing flow
can be analyzed in the Frenet coordinate system as shown in Fig. 10. The
x-axis is the centerline of the channel and the y-axis is normal to the
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Fig. 9. Vapour relative velocity in cross-sections near the throat at 4623 rpm.
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centerline. The pressure line represents the outer wall, and the suction
line represents the inner wall. The R, is the local curvature radius of
the centerline.

The conservation equations for the inviscid, flashing and rotating
flow include continuity equation, momentum equation and energy
equation in the noninertial system. The continuity equation for the total
two-phase flow reads as

d — _
o {apt,W‘,A“ +(1- a)pWIA*} =0 2)
X
Eq. (2) represents that the mass flow rate in the channel is constant,
so it also can be rewritten as

d [alpo—p) | -

— | +1 WA* =0 3
dx { { P e ®
where ¢ = W,/W,;. If the inviscid flow is assumed, the momentum

equation along the flow direction is

d [falp,0> = p) 772 d d
LBRE ZP) Ly g WAt = -2 (aP) — S (AP
A=t |} -G - S,
@
+ {@ +1 } pI.QZRcosyA“
i

The second term on the right of Eq. (4) is frictional pressure reduc-
tion. Three coefficients can be defined as

d)lza(—"—l)—&-l
Pi

q>2:a<a&71)+1 (5)
P
D5 :a(ol&— 1) +1

P

As illustrated in Fig. 11, although the three coefficients should be
different, they are almost equal to each other because the ratio of the
density between liquid and vapour is low and close to zero. These co-
efficients are varied with the rotational speed insignificantly. At the
section downstream the throat, there is a certain deviation, which rea-
ches the largest at about 90 mm. Before the throat, all coefficients are
equal to one, which indicates the flow in the channel can be treated as the
single-phase flow. After the throat, the coefficients decreases remarkably
with the length of the channel.

The dimensionless continuity equation can be derived as

ﬂpm WVC R?.re d ~T=
{# Zlopwa ) =0 6)
Xref dx

O

fix

Fig. 10. The Frenet coordinate system in the curved rotating channel.
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—x =N - —~
with W, = Wi/Whey, By = p1/Prefs X = X/Xrer and A" = Ax/(ﬂRiref). Eq.
(6) can be simplified as

d ~T=
dx

The dimensionless momentum equation can be derived as

Wig Re| d [ =2 d fos  d frn
2 (0,5 AW :——A<A P)——A(A P)
{Qremef x»‘ef} az\"Pe dx dx !

®

Qrc Rre ~ 2 el
+ {#}G)Iplﬂ RcosyA
Wref

with ﬁ = R/Rrefy ﬁ = Q/Qref and P= P/(Wrefprefgrefxref)~ Eq. (8) can
be rewritten as

RoTe (0,5, 4°W, (A7)~ L(AP) + @9 @ ReoA
— = —— —— — 05
AL &x &x  TRo P 4

(C)]
where Rossby number Ro is Wre/ (QrefRref) and Tr is Ryef/Xrer. The relative
total pressure is defined as

P!

rel

_ Pi (&7 2
—P+2<¢‘3W -‘rq)lU) (10)

4.2. Average flow parameters

Egs. (6) and (8) are useful for analyzing the rotating flashing flow
because they show that there may be an analogy between the rotating
single-phase flow and the rotating flashing flow. However, as shown in
Fig. 5(a) and (b), the pressure and the liquid relative velocity of the
rotating flashing flow are different from those of the rotating single-
phase flow. The distinctive flow features of the rotating flashing flow
are caused by the vaporization near the throat and the development of
the vaporization downstream the throat.

The ratio of the pressure reduction ¢4p is proportional to the square of
the ratio of the rotational speed &g, before the throat and remains almost
constant downstream the throat, as illustrated in Fig. 12. The ratio of the
pressure reduction is defined as Eq. (11). The ratio of the rotational
speed ¢g is the ratio between the operating rotational speed and 4623
rpm. Straight lines in Fig. 13 are derived by the square of the ratio of
rotational speed.

AP) (AP)
Eap = | 7 v (€R)
(AL .(2/ AL 4628 rpm

The maximum pressure in Fig. 5(a) is Pgroato and the pressure at the
throat is Pihroat1, Which is assumed to be equal to the corresponding local
vaporization pressure. The static pressure at the entrance of the turbine
Pinlet is constant under various rotational speeds. According to Eq. (11),
the maximum pressure under a certain rotational speed (Pinroato)n can be
derived as

(Plhma(())g = (1 - SdP)P'mle( + edP(PthroalO)4623 pm 12)

If the relative total pressure at the throat is assumed to be the same as
the value at the maximum pressure, thus Eq. (13) can be derived

4l throat0

2

2 T2 2112
(P lhroalo)g + (q)Z.lhmalOgWWmmalo - q)l,lhroal()gQU;hmmo) =
13)

Pihroatl 2 WA 2 U2
P, + T (DZ,(hroallgwwthmall - (Dl,throalle_() Uthrnall

Substitute Eq. (12) into Eq. (13), the ratio of the relative velocity ey
can be derived as illustrated in Eq. (14) and shown in Fig. 14.
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Fig. 11. Coefficients along the direction of the center line under various rotational speeds.
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* roal 7 72
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a V 3055 to 4623 A 2560 to 4623
) < 2091 to 4623 O 1546 to 4623 L
= 5 ° ° It should be noted that ey corresponds to the variation of the mass
£ flow rate under various rotational speeds for the rotating flashing flow.
E 1t . . etias. It can be found in Fig. 13(a) that before the throat the predicted ratios of
) the relative velocity by using Eq. (14) agree with the averaged values
# obtained from the CFD, but after the throat, the predicted ratios start
é deviating from CFD results due to the phase change. If the relative liquid
E‘ ;: St s b S p - velocity W, is modified with ®,W, according to Eq. (7), the predicted
= |_":ﬁ.""""o"—'., .:;- g’h-;?g?mm& %ﬁ,”;{'“fa&om;% ¢ ratios agree with the CFD in the entire channel, as shown in Fig. 13(b).
e 0.1¢ F “"‘\"‘lk"" 0.5 e 7 50 o 8 Bas oo | ] According to Egs. (6) and (8), for the pure liquid flow, it can be
= N . ! 7 o g, ¥ derived that an imaginary area of the channel A° is Co/(p;W;) when the
~ 1 local pressure is P. For the flashing flow, the area Ay, is Co/(®2p;W)) at
: the same pressure. The dimensionless thickness of the vapour ring &*
| can be derived as
0.0 —1—- : : : : L
20 40 60 80 100 120 140 5 = v 1 (15)
Radius (mm) 2
Eq. (15) can be also rewritten as
Fig. 12. The distribution of the ratio of pressure reduction along the center line
under various rotational speeds and the ratio of the rotational speed. _ 1 | 1 16)
(1+8) Jop/p—1

10

If a pure liquid core with a constant radius is assumed near the throat
and the radius is equal to the radius of the throat, 5, can be evaluated as
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Thus, if the variation of density is neglected and there is no slip
between the two phases, the vapour volume fraction averaged on cross-
sections along the direction of the center line with a given geometry of
the channel can be predicted

5 17

11

International Communications in Heat and Mass Transfer 126 (2021) 105434

0 L <= Lipoar

! L>1L, 18
> Liproa
L —=pi/Po ot

a = 1
1- 2
[ (1+436,)
The predicted vapour volume fraction is illustrated in Fig. 14 and
agrees with the three-dimensional results. Eq. (18) indicates that the
distribution of the average vapour volume fraction is only dependent on
the geometry of the channel in the divergence section and the density of
the fluid. Because the ratio of density between the vapour water and the
liquid water is nearly zero, the vapour volume fraction is mostly affected
by the geometry, rather than the rotational speed. However, it should be
noted that there is still a small deviation of the vapour volume fraction
among different rotational speeds.

4.3. Flow profile analysis

In the rotating channel, there would be circulation on cross-sections
since both the Coriolis force and the centrifugal force are exerted on the
fluid. In the curved rotating channel, the additional centripetal force
would be generated caused by the curvature of the channel. The sec-
ondary flow in the rotating flashing curved channel is different from that
of the single-phase flow. As illustrated in Fig. 5, the primary fluid before
the throat is liquid, while it changes to the vapour flow after a distance
downstream the throat since the vapour volume fraction is close to one.
Near the nozzle, the flow is complex because there is flashing inception
and development, vapour ring, liquid core, and liquid attachment, etc.
From the distribution of the average relative velocity, the velocity keeps
almost constant after the throat and increases gradually because of the
inertial effect of the liquid core. Thus, the flow profile can be distinctive
in the entire channel, and the evolution of the secondary flow covers not
only the Coriolis, the centrifugal and the centripetal effects, but also
effects caused by interphase momentum exchange between the two
phases including the slip and the interphase mass transfer.

The development of the secondary flow in the rotating flashing
channel is different from that in the single-phase flow. To discuss the
characteristic of the secondary flow, twelve cross-sections are cut
normal to the center line as shown in Fig. 15. Plane 4 is the cross-section
at the throat. The cross-sections are distributed uniformly along the
direction of the center line to show the evolution of the secondary flow
in the rotating flashing curved channel. However, it should be noted that
the positions of these cross-sections are different from those in Figs. 6, 7
and 8, which only cover a short region near the throat.

Fig. 16 illustrates the vectors and streamlines of the modified liquid
relative velocity in cross-sections at 4623 rpm. The vectors are
normalized and projected on the tangential direction of the cross-section
to show the flow profile in the normal direction. The left side is the
pressure side, and the right side is the suction side. Before the throat,
there is strong secondary flow caused by the inlet geometry of the
channel near the pressure side, but it is weakened along the direction of
the center line as shown in Fig. 16(a), (b) and (c). It can also be found
that the direction of vortexes in the upper half part of Fig. 16(a) and (b)
is clockwise and opposite to that in the lower half part. In Fig. 16(c) and
(d), the direction of vectors points to a center and the center moves in
the direction from the suction side to the center of the cross-section. The
concentration effect is caused by the convergent geometry of the chan-
nel. In Fig. 16(e), (f) and (g), the direction of vectors points to the edge of
the cross-section and is opposite to that in Fig. 16(c) and (d). The
divergence effect is caused by the divergent geometry of the channel.
From Fig. 16(g) to (m), there are vortexes developed near the suction
side. But it should be noted that the direction of vortexes is counter-
clockwise in the upper half and adverse to that in Fig. 16(a) and (b).

Fig. 17 illustrates the flow profile at 1546 rpm. It can be found that
the secondary flow is weaker in Fig. 17(a) than that in Fig. 16(a) and (b).
From Fig. 17(g) to (m), vortexes near the suction side are more obvious
than those in Fig. 16(g) to (m). Thus, the rotation affects the secondary
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Fig. 16. The modified liquid relative velocity vectors and streamlines in cross-sections at 4623 rpm.

flow differently before the throat and after the throat. Before the throat, speed before the throat. The ratio of the relative liquid velocity before
the secondary flow is more remarkable as the rotational speed is higher. the throat is equal to the ratio of the mass flow rate and formularized
However, after the throat, the secondary flow is weaker as the rotational using the derived continuity and momentum equations in the Frenet
speed increases. The flashing inception near the throat has the effect of coordinate system. The vapour ring is generated at the throat and
homogenizing the flow in the normal direction of the cross-section. accompanied by the liquid core in its inner side, and backflow and low-
velocity zones can also be found in the vapour ring. Before the throat,
5. Conclusion the secondary flow is more significant as the rotational speed is higher.
After a distance downstream the throat, the secondary flow gets weaker
In this paper, the internal flow in a curved rotating flashing channel as the rotational speed increases. The rotational direction of the cell
with variable cross-section is analyzed according to numerical simula- downstream the throat is opposite to that upstream the throat. The
tion results validated with experimental results. The average flow pa- flashing inception near the throat has the effect on flow homogenizing in
rameters, the vapour ring and the secondary flow are distinctive flow the normal direction of the cross-section.

features of the flashing flow in the channel. The ratio of the pressure
reduction is proportional to the square of the ratio of the rotational

12
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Nomenclature

Abbreviations
CFD Computational fluid dynamics
LNG Liquefied natural gas

Latin character

A

Cp
Dy
Dgq
Ja
La

Area

Drag coefficient

Bubble diameter

Droplet diameter

Jakob number

Laplace number

Mass flow rate

Interphase mass transfer

Nusselt number

Pressure

Peclet number

Radius

Radius of cross-section

Curvature radius

Coordinate axes in Cartesian coordinate system
Relative velocity

Coordinate axes in Frenet coordinate system
Vapour mass fraction

Greek Symbols

a Vapour volume fraction

3 Coefficient of the ratio

D, Oy, D3 Two-phase coefficients

4 Relative flow angle

K Curvature

P Density

c Slip ratio

Q Angular speed
Superscripts

* Ideal state
Subscripts

f Friction

1 Liquid

ref Reference

throat0 Before the throat

throatl At the throat

v Vapour
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