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Abstract

Upward and downward directed disperse bubbly flthweugh horizontal pipeline and
180 pipe bend have been predicted using the Euleridtiphase flow model of CFX-5
(CFEX, 2004) and taking into account Grace drag, iyama lift, Tomiyama wall
lubrication and FAD turbulent dispersion forcese($gank et al., 2004). Starting from
the investigation of the single phase water floungsSST and algebraic Reynolds
stress (EARSM) turbulence models, good agreeméwntelem the CFD solution and the
experimental data provided by Takamasa & Kondo $)3®uld be obtained for the
primary and secondary single phase fluid motiothe pipe bend. Further upward and
downward directed gas-liquid two-phase flows haeerbpredicted using the CFX-5
multiphase flow model. The results were comparettiéameasured gas volume fraction
distributions in five defined measurement crossises C1-C5 in the pipe bend. Again
the numerical results were found in qualitativebod agreement with the experimental
data published by Takamasa & Kondo (1995) showireg applicability and level of
accuracy of the multiphase flow models for dispetaébbly flows in complex
geometries.
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1. Introduction

Gas-liquid two-phase flows in straight pipes andunved ducts are commonly found in industrial
plants such as chemical and nuclear reactors,rbaled heat exchangers. But most experimental
and numerical studies of gas-liquid two-phase floagied out in the past by many authors were
focused on flow regimes in straight vertical pipedy, e.g. Serizawa (1987), Tomiyama (1998) and
Prasser (2003). Due to the absence of pronouncahdary flows in the carrier liquid phase the
flow regimes and quasi steady-state gas volumdidradistributions in vertical pipe flows are
determined by one-dimensional force balances betwgravity, drag and buoyancy forces in
vertical direction and lift, turbulent dispersiomcawall forces in the horizontal direction. The
presence of secondary flow in a curved, C- or Ussbal86-bent pipe causes more complicated
interaction between the two phases than occurragsit pipelines. Such kind of dedicated three-
dimensional flows are therefore better suited tceat still existing deficiencies of existing two-
phase Eulerian models for disperse bubbly flows.
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2. The Experiments

This study is based on experimental work on upwaard downward directed gas-liquid bubbly
flows in C-shaped pipes carried out by Usui et(@®80/81), Takamasa & Kondo (1995) and
Takamasa & Tomiyama (1999). In the experimentsiedrout by Takamasa & Kondo (1995) a
disperse bubbly flow with prescribed superficial @and water velocities enters a horizontal pipe of
28mm inner diameter. After a horizontal pipe settd 60D the flow enters a 18€-shaped pipe
bend with 125mm bend radius followed by anotheiizomtal pipe section of 60D. Both upward
and downward flows had been investigated experiatigntThe apparatus used in the experiments
by Takamasa & Kondo (1995) is illustrated in Fig.vihile the schematic setup showing the
geometrical dimensions of the flow geometry undensideration and the location of the
measurement cross sections is indicated on theofdfig. 1. The fluids in the experiments entered
the pipe and C-shaped bend at near to atmosplressuyre. The water temperature was maintained
at a level of 280.5°C. For the injection of the gaseous phase a bujgserator consisting of four
sintered (porous) brass tubes with a particle-pgsgiameter of 1.5m was used. From the applied
stereo image-processing methodology the resultifiple diameter was determined to edimm
under the given flow conditions.
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Figure 1: Experimental apparatus (side view) for the ingzdton of upward and downward gas-
liquid flows through pipe bends as used by Takandakando (1995). Schematic view on the right
shows geometrical dimensions and measurement ¢osatdf water velocity profile and void

fraction distribution measurements

In the experiments, the water and air superfiogbeities were varied from$0.71 to 1.79 m/s and
j6=0.027 to 0.0135 m/s, respectively. Due to thetiahiavailability of published experimental data
the superficial water and air velocities @F1.43m/s andd=0.0135m/s were selected for the
intended experiment vs. CFD prediction comparigesulting in a gas-liquid flow of about 1%
averaged gas void fraction. The comparison withflihe maps established by Usui et al. (1980/81)
for upward and downward directed gas-liquid flolwsotigh pipe bends show, that the investigated
gas-liquid multiphase flow is well in the regime diluted bubbly flow (see Fig. 2). In the
experiments liquid velocities in the flow directigprimary flow) and the tube diametric direction
(secondary flow) were measured using an LDV. From gublished data of Takamasa & Kondo
(1995) and Takamasa & Tomiyama (1999) correspondiatger velocity profiles from the LDV

-2-



11. Workshop on Two-Phase Flow Predictions
Merseburg, Germany, April 5 - 8, 2005

measurements are available in 5 different pipescsestions C1-C5 in the pipe bend 3t4%’, 9¢,
135 and 1860 (see Fig. 1). Additionally a Stereo Imaging Methlody using CCD camera had
been applied to the gas-liquid flow. Gas void fi@edistributions in cross sections C1-C5 had been
determined from the measured bubble locations amdblb diameter distributions for both upward
and downward flows.
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Figure 2: Flow regime maps for upward (left) and downwarght) directed gas-liquid flows in pipe
bends as investigated by Usui et al. (1980/81);ma0maon of investigated flow conditions with respec
to varying flow regimes in dependence on gas arntéwgaperficial velocities.

3. CFD Calculations — The Numerical Model

3.1. Numerical Mesh and Boundary Conditions

The flow geometry shown in Fig. 1 has been modelgtd a numerical mesh of about 410.000
hexahedral mesh elements using ICEM/CFD. In oraereduce the overall mesh size and
computational effort flow symmetry in the verticalane has been assumed. The resulting
semicircular pipe cross section was resolved imtimaerical simulations by 1736 mesh elements,
while 236 mesh elements were distributed alongpipe. The dimensionless wall distance of the
wall nearest grid element was thereby evaluatdmktabout ¥~10-22. For the prescribed water and
air superficial velocities £1.43 m/s andg=0.0135 m/s the corresponding single phase flow
Reynolds number was Re~45.000. Pipe walls have tbeated as hydrodynamically smooth walls.
Homogeneous inlet conditions corresponding to tkkergsuperficial velocities have been assigned
to the 11 cross section for upward flow and to @&ss section for downward flow. As indicated by
the measurements of Takamasa & Kondo (1995) a aanstean bubble diameter gfFdmm was
assumed for the disperse phase. An average statgsyse outlet boundary condition has been
applied to O2 or I1 cross section respectively dpward or downward flow. Simulations were
carried out under steady state conditions.

3.2. Single Phase Flow Turbulence Modeling

In the present study the flow through the pipe bems simulated using the commercial CFD
package CFX-5.7 (CFX, 2004). Since the gas-liglad/fmainly depends on the accurate prediction
of the turbulent flow in the pipe bend and the depmg secondary flows, a first aim of this
validation study was the detailed comparison of Cs&iKgle phase flow predictions to the
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experimental LDV data for primary and secondaryflwater velocity profiles in C1-C5 cross
sections as provided by Takamasa & Tomiyama (1995).

Two different turbulence models are used for thiglg. The first is the well known Shear Stress
Transport (SST) turbulence model derived by Mefi®94) with automatic wall treatment. The
second model is an explicit algebraic Reynoldssstnmodel (EARSM). The implementation is
based on an EARSM, which has recently been puldislyeHellsten (2004). This model in turn is
based on an EARSM formulated by Wallin and Johan$2000). Like the SST model it combines
the kw model of Wilcox for the inner region of a boundéayer with the standard &model in the
outer wake region. The SST and EARSM models diffewever in the computation of the
Reynolds stress tensor. Standard two-equation llembe models usually use the eddy viscosity
concept, where the Reynolds stresses are compstélgegproduct of an eddy viscosity and the
mean strain-rate tensor, in other words the Reynsiiesses are linearly related to the mean strain-
rate tensor. The eddy viscosity is then approxichat® the product of a constant coefficient, @
turbulent velocity scaler and a turbulent length scdle The SST turbulence model also relies on
the linear stress-strain relation, but the compartadf the turbulent viscosity has been modified in
order to account for the transport of the turbulrgar stress and depends on the second invariant
of the mean strain-rate tensor. This can be intéedr as a variable coefficient,@nd gives
improved results in adverse pressure gradient eparated flows.

The explicit algebraic Reynolds stress model da#suse the eddy viscosity concept. It has been
derived from the Reynolds stress transport equadioth gives a nonlinear relation between the

Reynolds stressa:x?uj and the mean strain-rate and vorticity tensots®following form:
uu, =k(a, +2/3q,) (1)
where the anisotropy tensay is expressed using the following tensor polynomial:

1
8 = b,S; +b; W, W - gllwdii + b4(S'kai ) Vv‘kskj)+

2
bs SlkaIVVIj +\Nika| Sj - §|Vdij +

bg (Wik Sklwlmwmj - V\‘ikV\‘kl Smwmj) (2)

S, and W, denote the non-dimensional strain-rate and voytiahsors, respectively. The tensor
invariants are given by:

Iy =W,W, , IV =5W W, (3)

The calculation of thé-coefficients is more complex and beyond the saafpiis paper. Details
can be found in Hellsten (2004). Due to the higbetter terms in equation (2) many flow
phenomena such as secondary flows and streamlmatate are included in the model without the
need to solve the full Reynolds stress transparagons.

3.3 The Eulerian Gas-Liquid Flow Model

The simulation of the gas-liquid dispersed bubbbwfis based on the CFX-5.7 two-fluid (or
multifluid) Euler-Euler approach (CFX, 2004). Thail&ian modeling framework is based on
ensemble-averaged mass and momentum transportceguédr all phases. Regarding the liquid
phase as continuuna£L) and the gaseous phase (bubbles) as disperse pi¥5) with a constant
bubble diametedr these equations without mass transfer betweerephaad:
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%(rafa)-'-m'(rara a)=0 (4)
%(raraua)m-(rafaua AU, )=R(cm (U, +(Y, ))-rRp+y 7 g+Fo+M ()

where g, 145, m, are the void fraction, density and viscosity o {thasea andM, represents the
sum of interfacial forces besides the drag fdfselike lift force F, wall lubrication force f. and
turbulent dispersion forcerh. For the steady state investigations within thepscof this paper it
had been proven that the virtual mass forgg K5 small in comparison with the other non-drag
forces and therefore it can be safely neglecteddescribed in the previous chapter turbulence of
the liquid phase has been modeled using either &fenik-w based Shear Stress Transport (SST)
model or an algebraic Reynolds stress transporteim@ARSM). Due to the small differences
encountered between the SST and EARSM models éositigle phase flow predictions (see 4.1.),
all following gas-liquid two-phase flow simulationsere carried out with the SST turbulence
model. The turbulence of the disperse bubbly pheese modeled using a zero equation turbulence
model and bubble induced turbulence has been teteraccount according to Sato (1975). The
drag force between the bubbles and the fluid wassidered in the distorted bubble regime
according to the Grace drag model build into CFXFBe lift force was calculated according to
Tomiyama (1998):

FL:CLrGrL(UL_UG),N’UL (6)

Tomiyama (1998) has performed extensive investigatof the lift force coefficient Cfor disperse
bubbly flows. For an air-water two-phase flow ha feund a changing sign of @epending on the
bubble size diameter at abaipt= 5.8 mm:

min[0.288tanh(0.121Re, ), f (Eo, ). Eo, <4
c, = f(Eo,), 4£Eo, £10 )
- 027, Eo, >10
with:
f (Eo,) = 0.0010%E0; - 0.015%E0? - 0.02040, +0.474 (8)

where Eq is the E6tvos humber based on the long axisfca deformable bubbile, i.e.:

2 2
EOd = g(fL fG)dH , dH =dp(1+ 0.16350)1/3 , E0= g(rL fG)dP (9)

S S
Antal et al. (1991) proposed an additional wallrioation force to model the repulsive force of a
wall on a bubble, which is caused by the asymma@trid flow around bubbles in the vicinity of the
wall due to the fluid boundary layer. Within theepent model we take into account this wall force
in the modified formulation of Tomiyama (1998):

2
Fa =-Cule/ U - Uy W)W\/‘ Ny (10)
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where the wall lubrication force coefficient hasshedetermined by Tomiyama (1998) based on
experiments with air bubbles in glycerin:

d, 1 1
Cn=Cus 2 " o (11)
; ’ 2 y\i/ (D - yw)2
where the coefficientys is dependent on the EStvos number for deformablbles:
e 0.933E0+0.179 1£ EO £ 5
Cyz = 0.0059%o0- 0.0187 5<EO£ 33 (12)
0.179 33<Eo

with n,, as the normal vector to the walk as the bubble diametd,« as the velocity difference

between the phases anrgas the gas volume fraction. In contrary to Antahle (1991), Tomiyama
proposed an inverse quadratic proportionality & tbrce with respect to the wall distance y. The
turbulent dispersion force can be derived from ar&average of the interfacial drag force (see
Burns et al. 2004, Frank et al. 2004) and is cated for a two-phase flow according to:

n, Nr, Nr,
S, T, T

ra a

FTD,a = ab A&b (13)

with Ax,=6r1,/dy being the interfacial area density for a contirsiphasea and a disperse phabe
N the turbulent eddy viscosity of the continuous gghands,, a turbulent Schmidt number, for
which a default value of 0.9 has been used forpttesented flow predictions. Finally for a two-
phase disperse bubbly flow.¢r,=1; Nr,+Nr,=0) the Favre Averaged Drag (FAD) turbulent
dispersion force acting on the disperse phase eanritten as:

. r, 1

E =-C ta’a

™ TP4s d, 1-1,

U,- UbN Ty (14)

The given non-drag force models were implemente@€kX-5 and are available since the code
version CFX-5.7 (see Frank et. al 2004). Using USBRTRAN for the prediction of the various
force coefficients other drag and non-drag forcelei®can be implemented as well.
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Figure 3: Secondary flows in C1, C3 and C5 pipe bend cressas as predicted for single
phase water flow with CFX-5 using the SST and EARBNbulence models.
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Figure 4: Primary flow profiles for the C1, C3 and C5 craextions for single phase water flow.
Comparison of CFX-5 predictions with experimentsTakamasa & Kondo (1995) and simulation
results of Takamasa & Tomiyama (1999).
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4. Results and Comparison to Experimental Data

4.1. Upward Directed Liquid Single-Phase Flow

In a first study the development of upward direcsetyle phase water flow §1.43 m/s, $=0.0
m/s) along the pipe and 18bend has been numerically investigated and thdtsesbtained with
the SST and EARSM turbulence models have been ceuga the experiments of Takamasa &
Kondo (1995) as well as to the numerical predidioh Takamasa & Tomiyama (1999). Fig. 3
shows the predicted secondary flows. In the figtine, left hand shows results obtained with the
SST model and the right hand, results obtained vh#n EARSM algebraic Reynolds stress
turbulence model. The profiles were confirmed to dbmost symmetric in the experiments of
Takamasa & Kondo (1995), so that the symmetry aptom considered for the numerical
simulations was satisfied.

The single phase water flow enters the “18ipe bend with an almost developed turbulent vigioc
profile and negligible secondary flows as showrfig. 3 for cross section C1. The X-axis is the
horizontal spanwise axis in the cross sectiong)tp from the symmetry plane towards the pipe
wall, while the Y-axes mark the symmetry axes @f¢hoss sections C1-C5. Due to the acceleration
of the fluid at the inside of the bend and corresjdg pressure differences across the pipe cross
section, relatively high secondary flow has beevettsped at the 90-degree point. Secondary flow
is directed from the inside wall toward the outsafethe bend along the Y-axis. A counter flow
from the outside toward the inside wall along thbet side wall can be observed. While the SST
and EARSM solutions in the C1 and C5 cross section almost identical, small differences
between both solutions with respect to the locatbrthe secondary flow vortex center and its
intensity can be observed for the C3 cross section.

Fig. 4 shows the water velocity profiles of thenmary flow, i.e. axial velocity component profiles
at C1, C3 and C5 bend cross sections. The pratiése bend inflow cross section C1 show only
small deviation from a fully developed turbulentlogty profile, also slightly higher water
velocities are predicted at the inside wall of thpe. At the 90-degree point (C3) primary flow
shows a changed axial velocity distribution witstotictly higher water velocities near the outside
pipe wall and a remarkable lower velocity level née inside wall of the pipe bend. Both SST and
EARSM turbulence models are able to predict thalaslocity profiles in good agreement with the
measurements, also the accuracy of the algebraindRis stress model seems to be even slightly
better. The axial velocity maximum observable at@8 cross section is then flattening out again in
the C5 cross section in both the X- and Y-axesctimas. The secondary flow from the outside
toward the inside wall (Fig. 3), along the tubeesidall, travel counter to the high-velocity primary
flow near the outside wall of the bend (Fig. 4)eTiuid velocity profile at the O2 cross section
after L~55D shows again an almost developed turtiielocity profile.

4.2. Upward Directed Gas-Liquid Flow

Taking the predicted single phase water flow agaatisg point, the upward directed gas-liquid

disperse bubbly flow with £1.43 m/s andg=0.0135 m/s was predicted. Unfortunately no dedaile
velocity or volume fraction profile data are prostd by Takamasa & Tomiyama (1999), so the
comparison between numerical simulation and expEnimis limited to the provided qualitative

volume fraction distributions in the measuremenpssr sections C1-C5. Fig. 5 shows the
distribution of higher gas volume fraction for thebbly flow under investigation. Initially bubbles

are uniformly distributed over the pipe cross sectat the inlet. After L~7D the disperse bubbly
phase is completely demixed due to buoyancy andda region of higher gas volume fraction at
the top of the horizontal pipe. Inside the bendhbed travel near the inside wall of the bent tube
due to centrifugal force and the bubble motion seewt very much affected by secondary fluid
motion.
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After the 180-degree point (C5) the gaseous pheisgain demixing and crosses the pipe cross
section towards the upper pipe wall (see Fig. 6 ®nset of this second phase separation process
in the CFX-5 numerical predictions seems to beydsleby a small axial distance of about 1-2D in
comparison to the experiments of Takamasa & Kordd®%), while the separation starts to early
(inside the bend) and is almost finished at thec@iss section in the numerical predictions of
Takamasa & Tomiyama (1999). This can be observedrign 6 and by comparison of the
experimentally obtained and numerically predicte golume fraction profiles shown for the
defined measurement cross sections C1-C5 at Fig.thie paper of Takamasa & Tomiyama (1999)
it is supposed, that strong secondary flow in theew half of the pipe bend may have had an effect
on the bubble shape and consequently on the bultelidacial drag too. Therefore the observed
sensitivity in the numerical simulations with respt the location of onset of the secondary phase
separation behind the bend can probably be exmgldigesmall differences in bubble drag.

4.3. Downward Directed Gas-Liquid Flow

Finally the downward directed gas-liquid bubbly wiowas simulated under the same flow
conditions with j=1.43 m/s andg=0.0135 m/s. Again shortly behind the inlet crossti®n the
gaseous phase is almost completely demixed frontigh&l phase due to buoyancy and the flow
enters the pipe bend with highest gas volume frastat the upper and therefore outer wall of the
horizontal pipe. Both, the developing secondaridffltow and the centrifugal force are now acting
on the gaseous phase and lead to a shift of thieldmibowards the inner wall of the pipe bend. As
can be seen from Fig. 8 bubbles reach the inndrafdhe pipe bend approximately at the C3-C2
cross section (approx. at the 135-degree poin®. gds volume fraction distributions predicted by
CFX-5 are qualitatively in a very good agreementhwihe corresponding measurements of
Takamasa & Kondo (1995). Note, that for the experita the cross-sections C1-C5 are named in
counter-clockwise order for downward flow.

As an interesting detail it can be observed, tlet @lume fractions in the C3 cross section are
significantly less than 1.5% near the symmetry @lahthe geometry. The same effect can be seen
from the isosurface representation of gas voluraetin in the pipe bend in Fig. 9. Gas bubbles
obviously reach higher volume fraction in the vartores of the secondary fluid motion due to
centrifugal force effects. Additionally higher velbes of the secondary fluid motion in the
symmetry plane lead to dilution of the gaseous @ladghis location.
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Figure 5: Isosurface of 1.5% gas volume fraction in upwass$-tiquid two-phase flow
through 1860 pipe bend.

C5(a)-C5(1) : z=0.0m-0.2m
Dz=0.025m

outlet

——

Figure 6: Re-separation of bubbles in the upper horizonfaIme after passing cross section
C5 in upward directed two-phase flow behind then@ped pipe bend.
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Experiment
Takamasa & Kondo
(1995)

Simulation
Takamasa & Tomiyama
(1995)

CFX-5 Simulation
C5

C4

outlet
——

C3

inlet
Cc2 c1

Figure 7: Comparison of gas volume fraction profiles at nueesent locations C1-C5 of the
Takamasa & Kondo (1995) experiments for upwardoté® gas-liquid flow.
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Experiment Takamasa & Kondo (1995)

inlet

outlet
——

CFX-5 Simulation
C5

C4
inlet

C3

outlet
—

Figure 8: Comparison of gas volume fraction profiles at nueasent locations C1-C5 of the
Takamasa & Kondo (1995) experiments for downwandaded gas-liquid flow. Note the
different naming convention for the C1-C5 crosdisas here.
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C5
C4

C3

Cc2
C1

Figure 9: Isosurface of 1.5% gas volume fraction in downwdirdcted gas-liquid two-phase
flow through 180 pipe bend.

Summary and Conclusions

Upward and downward directed disperse bubbly flthwveugh horizontal pipeline and 18pipe
bend have been predicted using the Eulerian muasehflow model of CFX-5 and taking into
account Tomiyama lift, Tomiyama wall lubricationdaRAD turbulent dispersion forces. Starting
from the investigation of the single phase watewflusing SST and algebraic Reynolds stress
(EARSM) turbulence models, good agreement betwde €blution and experimental data could
be obtained for the primary and secondary fluidiamoin the pipe bend. It was found that the use
of the EARSM algebraic Reynolds stress turbulanodel led only to a minor increased accuracy
in the prediction of the fluid secondary vortexvilon the pipe bend in comparison with the SST
model. For the gas-liquid two-phase flow it was arved from both experimental and numerical
investigations that in the upward flow the gasephase travels along the inside wall of the bend
due to centrifugal force. The separation of bublbdethe upper wall of the horizontal pipe section
starts only behind the C5 measurement cross sedibrreas for the downward flow it was found,
that the bubbles are entering the pipe bend ompper pipe wall and travel towards the inner pipe
bend wall already within the first 9®@f the pipe bend and reach the pipe bend innelr siairtly
after the C3 and before the C2 cross section dueetdrifugal force and secondary flows
developing in the liquid phase. The gas void fractdistributions in C1-C5 pipe bend cross
sections have been compared to the measuremengsn e numerical results were found in
qualitatively good agreement with the experimedtgh published by Takamasa & Kondo (1995).
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