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Multiphase flow meters are widely used in nuclear, petroleum and chemical industries.
Here the flow rate is defined indirectly by the differential pressure measurement over
the device. An additional measurement is required to estimate average density of
the phase mixture. This could be done by means of the gamma-ray, electromagnetic
or acoustic tomography. The accuracy of the technique is dependent on flow
morphology. The present paper reports the results of CFD-modelling of the gas-liquid
flow through the vertical flow meter accompanied by a flow conditioner. The model
is used to consider the morphology for three different combinations of liquid and gas
flow rates. The model demonstrates high non-uniformities of the flow field at the
entrance of the flow meter and generally confirms the agreement of flow morphology
with previous experimental observations for vertical pipes.

CFD, two-phase, flow morphology, STAR-CCM+, flowmeter

Multiphase flow consists of several chemically immiscible materials [2, 4], flows of this
type are frequently utilized nuclear, petroleum and chemical industries. Among the in-
line measurement systems, the multiphase flow measurement represents the most
significant emergent technology in the last two decades. The technology is based on
the definition of the flow rate of each phase which comes through a multiphase flow
meter. The differential pressure measurement over the Venturi nozzle, orifice or V-
cone is most-commonly utilized for the estimation of flow rate of all the phases (I1SO
5167:2003), i.e. total flow rate. Basing on the total flow measurement, the flow rate for
each separate phase can be estimated with the use of additional measurement. This
measurement allows determination of phase volume fraction; gamma-ray densitom-
etry, sampling, electromagnetic or acoustic tomography are applicable here.
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It is usually suggested that the pressure profile across the flowmeter would be in
close proximity to the one for single phase, i.e. the flow is assumed to be homogeneous
there. The flow morphology however is strongly dependent on the interphase transfer
of mass, momentum and energy, especially for flow channels of complex configura-
tion, which results in non-uniform relative distribution of phases in space [9], flow
regime change due to increase in difference between gas and liquid velocities (slip
ratio) (Kuo and Wallis, 1988). This leads to formation of the pressure profile that is
significantly different from the one for the single phase. The pressure drop in vertical
and horizontal multiphase flowmeters has been studied extensively [1, 8, 11, 14].

Malayeri et al. (2001) in their experimental work reported variation of void frac-
tion through a vertical flowmeter at various gas-water flow rates, demonstrating high
sensitivity of the flow morphology to the mutual combination of separate phase flow
rates. The work however does not correlate flow morphology with the differential
pressure measurements in the device. The article by Jana et al. (2008), conversely,
analyses the temporal history of the pressure drops over a multiphase flowmeter. Jana
et al. (2008) do not however present any explicit visual data on the flow morphology
which makes their results to be limited with respect to all possible industrial condi-
tions. An extensive experimental study has been performed by Lupeau et al. (2007)
working with the two-phase flow in vertical flowmeter. The correspondence between
the pressure drop measurements and the flow morphology is clarified and discussed
on the paper. Although quantification of wall liquid film thickness for different flow
regimes has been done, the paper lacks information on velocity and volume fraction
profiles at the core of the flow and generally does not consider structure of the flow
inside the device. This information is hardly extractable by means of experiment so
the numerical modelling is gradually employed nowadays [9, 12, 16]. Lupeau et al.
(2007), for example, derives the two-phase numerical model for the prediction of
experimental liquid film profiles. The model is however limited by one dimension
(axial coordinate of the device) which does not make possible to account for complex
three-dimensional structure of the flow. Paladino and Maliska (2002) developed the
multiphase two-fluid turbulent model for the simulation of the multiphase flow in the
flowmeter. The article [12] reports preliminary results of the interphase slip velocity
and relates the differential pressure over the nozzle to integrated void fractions. The
model is compared to experimental data demonstrating discrepancies with experi-
ments in terms of the pressure drop.

Based on the literature survey presented above we conclude that there is a need
for the complete examination of the flow morphology in an industrial-like multiphase
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flowmeter nozzle. This contribution aims the CFD model to evaluate flow morphology
in a vertical flowmeter nozzle.

The turbulent flow of two phases is modelled with the multiphase mixture model [15,
17]. The model, constructed in the commercial CFD-package STAR-CCM+, assumes that
the flow of both phases can be described by the set of Navier-Stokes equations for
the viscous flow. The continuity equation reads separately for each phase:

9 (P

5 +V (@pyii) =0 (1)

where k =/ for liquid and k = g for gas denote the phase, p is the phase density and u
is the velocity assumed to be equal for each phase within the computational cell. The
conservation of the phase volume is accounted for by:

¢l+(pg:1 (2)

where ¢ is the volume fraction.

The homogeneous two-phase mixture with the phases at volume fractions ¢, and
¢, is assumed to exist within the computational cell in a way the molecular properties
of the mixture are given by:

Pm = P19+ D@y

(3)
M = M0y + pg,.
where p,=1000 kg/m?, p,;=0.001Pa - s and p, = 1.86 - 107 Pas.
The conservation of momentum is considered for the mixture:
ou s - R
Py + itV = =Vp+ (M + Hpy) AL+ p, 8 + 1. (4)

where p is the pressure, p,, and p,, are molecular and turbulent viscosity, f. is the
capillary force calculated as follows:

7oy Yo
f.=V <|v(pl|>V(p,o: (5)

The turbulent viscosity concept is used to account for the turbulent behaviour of the
flow. The parameter is set to be proportional to the turbulent kinetic energy k and the
rate of the energy dissipation € (see, for example, [3]):

2
iy = 0,09, (6)
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Two transport equations for k and € are given below:

Xonk) 4 (p, ) = v <—(’“‘ n * H) Vk) + k(G = pe), @)
ot Oy
au;,:e) Vo) =V (Mv> + 506 - Cype), (8)
where
G =, (Vi+ Vi) : Vi (9)
and
2
o, = S S— (10)
[0.3(C, - ©))]

C, =1.44; (, =1.92; 0, = 1.0, and K = 0.4187 is von Karman'’s constant.

The three-dimensional geometry of the process is presented in Figure 1. The model
includes the flowmeter nozzle, the flow conditioner of the blind-T type and a horizontal
pipeline. The flowmeter consists of the confuzor part at the entrance, short cylindrical
section in the throat and the diffuser nozzle at the outlet; dimensions of the flowmeter
are defined according to I1SO 5167:2003. The curved pipeline is located at the inlet of
the model in order to mimic industrial conditions when the flow is not always fully
developed at the entrance.

The geometry is discretized by 1100000 regular control volumes with the average
size of 1 mm; the mesh is presented in Figure 1. The mesh-independence study was
performed for the present mesh with respect to the computational cell reduction to
0.5 mm and increase to 2 mm. Following average differences in the profiles of main
flow parameters (pressure, velocity, volume fraction) were observed: 2.6% for 0.5-
mm vs. 1-mm and 5% for 2-mm vs. 1-mm. The present computational was therefore
considered to be the most optimal from the accuracy and computational costs point of
view.

Equations 1-10 were discretized spatially on the computational mesh using the
upwind scheme. Euler implicit technique was used for the temporal discretization with
the time 10 ms time step. The numerical solutions was based on SIMPLE [13].

The model initial conditions suggested: u = 0 m/s, relative pressure p = 0 Pa, T = 293
K, @, = 0, @, = 1. The boundary conditions included: no-slip adiabatic wall boundary
with v = 0 m/s and standard wall functions (Y+ in the interval 70-150), the pressure
outlet with the absolute pressure p = 1 bar. The inlet boundary condition assumed
uniform profile of the mean flow velocity given by:

4(F+F)

u, = —————,
124 7Z'd2

(1)
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Figure 1: Three-dimensional process geometry and computational grid. Contours of water volume fraction
prescribed at the inlet for regime 2. Dimensions in mm.

where F is the volume flow rate of each phase. The volume flow rates were selected
for three different flow regimes in a manner providing notable variation of the inter-
phase slip velocity and the volume fraction of phases.

Water phase is assumed being segregated at the bottom the horizontal pipeline.
The corresponding cross-section of the pipe occupied by the water was equal to the
average volume fraction of water from Table 1. As it is presented in Figure 1, segments
of water layer with the high of 90, 55 and 7 mm for regimes 1-3 were set.

TaBLE 1: Flow regimes.

regime water flow rate, m*/h air flow rate, m3/h water volume fraction, %

1 8.2 0.2 92
2 24.3 0.8 60
3 10.7 218.2 3
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Figure 2: Time-average contours of water volume fraction together with vectors of flow velocity in the
midline cross-section at the flowmeter entrance for regime 1-3. Velocity vectors are projected to the
cross-sectional plane.

Figure 2 reports time-average contours of the water phase volume fraction together
with the vectors of the flow velocity in the midline cross-section at the entrance of
the system for regimes 1-3 predicted by the CFD-model. As it follows from the figure
for regime 1, the gas phase does not propagate into the blind-T region due to its low
inertia.

The gas flow with volume fraction up to 25% runs into the core of the flow under the
angle of 5o°. The air jet is shifted to the part of the confuzor which is opposite to the
blind-T. The bubble flow regime is observed in the confuzor part of the flowmeter for
the regime 1 that corresponds to the flow regime map for the vertical pipe [5]. Three
main flow patterns are detected for the regime 1: the straight flow in the horizontal part
of the system, the centralized swirl flow related to the change of the stream direction
is formed in the blind-T and the vertical flow in the confuzor region. The vertical flow
is slightly disturbed in the region with the maximum amount of the gas phase, i.e. the
air jet due to its positive buoyancy.

The behaviour of the flow at the entrance to the flowmeter for regime 2 is character-
ized by significant fluidization of water phase (volume fraction in the interval 0-60%)
over the upper part of the horizontal pipeline is observed. The inertia of the air stream
is not enough for the formation of the steady air patterns in the blind-T. The air stream
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in the confuzor occupies central part of the region with the volume fraction up to 50%,
forming the flow of the annular type. The stream is slightly shifted to the zone opposite
to the blind-T in a fashion similar to one observed for region 1. This shift is also char-
acterized by an inclination of the air stream relatively to the confuzor direction what
could be explained by the high inertia of the air stream. The flow patterns could be
again segregated by two zones: the uni-directional flow in the horizontal pipeline, the
swirl flow in the blind-T and the vertical flow in the confuzor. The vortex in the blind-T
is however shifted to the upper part of the region as compared to one predicted for
regime 1. The tangential flow component is observed at the entrance of the confuzor
zone. The oscillations of the gaseous phase are predicted for regime 2 so the flow
morphology agrees with the flow map for the vertical pipeline flow [5].

The homogeneous mist flow is observed for the regime 3 in the CFD-model. The
water phase is distributed over the wall of the T-junction at the volume fractions
slightly above the average value. This phenomenon could be addressed to the gravi-
tational separation of the water phase, which is further spread by the vortex formed
there. Slight non-uniformities of the flow velocity are observed at the entrance of the
confuzor: the tangential component together with a counter-flow region is presented
in Figure 2. As in regimes 1-2, the uni-directional flow is associated with the horizontal
pipeline region.

The time-average contours of the water phase volume fraction in the midline cross-
section of the entire flowmeter are presented in Figure 3 for regimes 1-3. The water
phase behaviour in the vicinity of the blind-T region is illustrated in Figure 2 so here the
main focus on the flow propagation through the flowmeter. It follows from the figure
(regime 1) that the air occupies the region opposite to the blind-T as in the throat of the
flowmeter as in the diffuser region. The complex spiralling motion of the liquid phase
locates the maximum of the water volume fraction to the left part of the diffuser; the
flow is not homogeneous and could be classified as the non-uniform bubble flow with
the centralized liquid jet of up to 100% water volume fraction.

The water layers distributed over the confuzor region in regime 2 are further
detached from the walls and dropped into the core of the flow in the throat of the
flowmeter. The core of the flow is occupied by the liquid phase with the volume
fraction up to 80%. The stream becomes homogenous in the vicinity of the outlet of
the diffuser.

The homogeneous mist flow at the water volume fraction up to 4% is observed for
the regime 3 at all the parts of the flowmeter, i.e. the water droplets are uniformly
distributed over the cross-section of the rig. The densification of the water phase up
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Figure 3: Time-average contours of water volume fraction in the midline cross-section of the model for
regimes 1-3.

to 10% is however observed at the inlet part of the horizontal pipeline due to the lift
of the water droplets in the entrance bend.

Time-average contours of the flow velocity magnitude are presented in Figure 4
for the midline cross-section of the system, regime 1-3. It generally follows from the
figure that the horizontal pipeline region is associated with the uniform flow velocity
profile with the average value approximately equal to the inlet value of 0.28, 0.82
and 7.49 m/s for regime 1-3 respectively. The blind-T region is the stagnation zone
with the velocity minimum. The flow acceleration zone is observed for regime 1-2 in
the right part of the entrance to the confuzor where the air stream is injected into
the flowmeter. This local velocity maximum is established due to the occupation of
region by the relatively high volume fraction of air, and, as a result, reduction of the
mean flow viscosity. Similar behaviour is not detected for regime 3 where the flow
is homogeneous and there are no sharp gradients of the volume fraction. The outlet
of confuzor is always associated with another velocity maximum for all the regimes.
There are however differences in the location of the absolute maximum in the throat
of the flowmeter: shift to the region with highest air volume fraction for regime 1-2,
high-speed flow stream reflection for regime 2. Due to the shift of the local velocity
maximum in the throat of the flowmeter, the flow velocity profile in the diffuser
becomes non-uniform.

Time-average contours of water volume fraction in the transversal cross-sections
at the centre of the confuzor, throat of the flowmeter and the diffuser are presented
in Figure 5 A-C for regime 1. They are combined with the time-average contours of the
flow velocity presented together with the vectors of the secondary flow for regime
1in Figure 5 D-G. The blind-T location is denoted by “T” in the figure while gravity
is directed into the figure. As it follows from the figure, the local maximum of the air
volume fraction (up to 20%) in the confuzor (Figure 5A) is dislocated apart from the

DOI 10.18502/keq.v3i3.1642 Page 426



E KnE Engineering

AtomFuture-2017

regime 1 regime 2 regime 3

- 1.25
1.00 ‘ wamﬂ velosiy Mgagnr(g
2 | Y .

Figure 4: Time-average contours of flow velocity magnitude in the midline cross-section of the model for
regime 1-3.
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Figure 5: Regime 1. A-C: time-average contours of water volume fraction in the transversal cross-sections
at the inlet (A), throat (B) and outlet (C) of the device. D-G: time-average contours of flow velocity
magnitude together with vectors of secondary flow at the inlet (D), throat (F) and outlet (G) of the device.
“T"” designates the orientation of flow conditioner relatively to cross section. Gravity is directed into the
drawing.

centre of the channel due the formation of two vortex structures of the Dean type
(Figure 5D).

The maximum of the flow velocity magnitude is associated with the maximum of
the air volume fraction. Since the confuzor introduces significant hydraulic resistance
into the flow, the flow velocity profile in the throat of the flowmeter becomes mostly
uniform for regime 1, the flow is accelerated by the confuzor. Slight shift of the velocity
maximum into the right part of the cross-section could be addressed to the maximum
of the air local volume fraction which conserves its position in the transition from the
confuzor to the throat due to the inertia. The flow in the throat of the flowmeter is
the centralized swirl flow what distributes the air widely within the cross-section. The
rotation, induced in the throat of the flowmeter, in combination with the total flow
deceleration in the diffuser is responsible for further detachment of the liquid phase
from the walls and the dislocation of the liquid phase volume fraction maximum to the
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Figure 6: Regime 2. A-C: time-average contours of water volume fraction in the transversal cross-sections
at the inlet (A), throat (B) and outlet (C) of the device. D-G: time-average contours of flow velocity
magnitude together with vectors of secondary flow at the inlet (D), throat (F) and outlet (G) of the device.
Blind-T and gravity oriented as in Fig.5.

centre of the diffuser part. The maxima of the flow velocity and the volume fraction
of the air remain at approximately same position due to the higher superficial velocity
of the gas phase. The vortex is however shifted into the region of the local maximum
of the water phase volume fraction.

Regime 2 is considered for the same transversal cross-sections of the flowmeter
in Figure 6A-G. The air volume fraction profile shown in Figure 6A for the centre of
the confuzor region is of stretched elliptical shape due to the existence of two Dean-
vortices centralized at the focuses of the ellipse. The volume fraction of the air in the
core of the flow is up to 50%, i.e. around 10% of the rest of the air is distributed
within the liquid phase. The maximum of the velocity magnitude is associated with
the maximum of the air volume fraction in a fashion similar to regime 1. Contracting
channel of the confuzor distributes the gas phase over the centre of the throat. Two
vortex structures remain in this region due to the higher Dean number for regime 2.
The intensive swirl motion is responsible for the non-uniformities in the flow velocity
magnitude there; the maximum of the velocity is then shifted to the blind-T region
while the entire flow velocity magnitude is increased due to contraction. The intensive
mixing within the central part of the flowmeter is responsible for flow homogenisation
in the diffuser region. The flow velocity profile is however slightly non-uniform in the
diffuser due to the inertia of the flow so the maximum velocity region from the throat
is transferred into the diffuser.

The volume fraction and velocity profiles are given for regime 3 in Figure 7A-G.
The flow is mostly homogeneous all over the flowmeter. The flow velocity profile is
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uniform for the confuzor part which accelerates the flow and increases the velocity
magnitude in the throat of the flowmeter. The velocity profile there becomes non-
uniform due to the reflection of the main flow from the confuzor wall which is associ-
ated with the blind-T that was illustrated in Figure 3. This non-uniformity is transferred
into the diffuser zone.

The numerical study of the two-phase flow in the vertical flowmeter nozzle has been
performed. The three-dimensional transient mixture multiphase CFD-model, coupled
with the RANS k-epsilon turbulence model, was developed with the use of commercial
software STAR-CCM+. The model accounts for interphase phenomena via the surface
tension force. The CFD-simulations of the process elucidate important details of the
flow morphology. The analysis of the phase volume fraction profiles comes out with
the conclusion that the blind-T can not be considered as the perfect solution for the
establishment of the homogeneous flow in the device for the investigated operational
conditions. Namely, the phases become inter-mixed only at the diffuser part while
the densitometer is usually placed at the flowmeter throat. The non-uniformity of
flow profiles in the confuzor and the throat part of the flowmeter is governed by the
combination of following factors: the relative interfacial slip, the secondary flow swirl
and the refraction of the flow jet from the walls of the confuzor. It could also be noted
that the Venturi nozzles, accompanied by blind-T at the entrance, could be utilized as
the low-resistance flow homogenizers. The model is validated with the flow map for
the vertical two-phase pipe flow, demonstrating qualitative agreement with the map.

Authors acknowledge support from the MEPhI Academic Excellence Project (Contract
No. 02.303.21.0005).

C: heat capacity [J/kgK]
C,.: superficial velocity [m/s]
d: pipeline diameter [m]

De: Dean number De = Re\/d/ZR
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Figure 7: Regime 3. A-C: time-average contours of water volume fraction in the transversal cross-sections
at the inlet (A), throat (B) and outlet (C) of the device. D-G: time-average contours of flow velocity
magnitude together with vectors of secondary flow at the inlet (D), throat (F) and outlet (G) of the device.

Blind-T and gravity oriented as in Fig.s5.

e: energy [m?/s?]

F: volume flow rate [m?/s]

f.: capillary force per unit volume [N/m?]
g: acceleration due to gravity [m/s?]
k: turbulent kinetic energy [m?/s?]
M: molar mass [kg/mol]

N,: velocity number N, = ¢, (p,/g0)"?
p: pressure [Pa]

R: radius of the curvature [m]

Re: Reynolds number Re = p,, |u| d/u,,
R,: universal gas constant [J/mol - K]

T: temperature [K]

t: time [s]

u: flow velocity [m/s]

Greek letters

€: turbulent energy dissipation rate [m?/s°]
¢: volume fraction

K: von Karman constant

p: dynamic viscosity [Pas]

p’: turbulent viscosity [Pas]
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p: density [kg/m?]
o: surface tension [N/m?]

Subscripts, superscripts

g: gas
in: inlet

k: phase index
I: liquid

m: mixture

s: superficial
t: turbulent

T: transposed
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