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Abstract: The computation of mixing in two component liquid-liquid
flows using two-fluid models is difficult for large-scale industrial
applications. This is due to two-fold increase in the number of
differential equations to be solved with semi-empirical phase
interaction terms. This task can be simplified if only the equations for
the mixture are solved while the relative is prescribed empirically.
However, this requires some information about the size of particles,
e.g. fuel droplets in water. In this study, a set of viable transport
equations are formulated for the mixture along with a droplet
formation model (DFM) suitable for liquid-liquid flows. The DFM is
based on local flow parameters such as turbulent Richardson numbers
involving local turbulence length and velocity scales. Parallel
experimental study was conducted at Johns Hopkins University (JHU)
by Katz et. al. The model constants in DFM are calibrated using data
from JHU in conjunction with the CFX and FLOW-3D (commercial
CFD codes) calculations. In various simulated cases, the model
predicted fuel droplet size distributions very similar to experimental

observations.

http://www .iahr.org/e-library/beijing_proceedings/Theme_B/A%20SINGLE%20FLUID%?2... 2/24/2003



A SINGLE FLUID TRANSPORT MODEL FOR COMPUTATION OF STRATIFIED IM...Page 2 of 19

Keywords: droplet formation, shear flow, impinging jet, immiscible stratified

liquids
1 INTRODUCTION

The present study is an element of a larger work, which is being conducted at
West Virginia University and at the Naval Surface Warfare Center — Carderock
Division (NSWC-CD) in Bethesda, MD, whose goal is to study the transient flow
phenomena that occur during the refueling process of compensated fuel/ballast
tanks (CFBT’s), which are used in U.S. naval surface ships. Of primary interest in
these studies is the location and extent of fuel/water mixing, the amount of water
trapped (water hideout) in the tanks after refueling is complete, and the estimated
flow-through time of the fuel. To aid in this study, numerical sub-models have
been developed which will predict the dispersed phase (i.e. fuel) volume fraction,

the relative velocity between the two phases, as well as droplet formation.

When using a commercial code to perform multiphase flow simulations,
incorporating the formulation of the transport equations via user subroutines into
the generic scalar equation is necessary. The continuity equation for one of the
phases is converted to a transport equation by via an empirical slip (or relative)
velocity relationship. The slip velocity relation involves local flow parameters and
a locally determined droplet size, which requires a droplet formation model to
predict the size of fuel droplets formed within the mixture layer. Details are
provided in Section 1.0 below. This model is explicitly dependent on the dispersed
phase volume fraction and relative velocity between the two phases (or
components). For further details concerning these other numerical sub-models, the
reader is referred to Celik, et al (1998), Celik, et al (1999), Umbel (1998), and
Wilson (1999). Friedman et. al. (1999) and Wu et. al. (1999) at Johns Hopkins
University performed relevant experiments involving a diesel fuel-water interface.
In these studies, global parameters such as the channel height, inlet water and fuel
velocities, were used to characterize the flows. These parameters are not suitable
for general three-dimensional transient calculations using CFD. The focus of the
present study deals with developing a new computational model in light of
experiments performed at J.H.U, pertaining directly to the study of liquid-liquid,
diesel fuel and water, stratified flow phenomena. This model will be governed by
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the local flow parameters, i.e. the Weber number, the Reynolds number, and the

Richardson number.

2 SFST - DRIFT FLUX MODEL

The cases we are concerned with in this study involve two incompressible fluid

components (both liquids). The equations of motion for the mixture can be written

as
Continuity:
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where u is the velocity, p is the density, ug is the slip velocity (see Eq. 8), r is the

phase volume fraction, and the subscript & and  refer to the two different

components of the mixture. The mixture properties are defined by
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where Vv ¢ is the effective viscosity, i.e. V =V |, o +V and Einstein

turbulent’

notation is used in Egs. (1-3, 4 &8).

In deriving the above equations it is assumed that dynamic pressures in both
phases, are equal. In addition, some minor assumptions are made in the
construction of an effective diffusion term. The details can be found in Umbel
(1998). The turbulent eddy viscosity was calculated using the variants of the well-
known k-€ model (see e.g. Rodi, 1980) with corrections to account for buoyancy
production (or damping) and destruction. The variants are used in which case will

be mentioned earlier in the text.

Equations (1) and (2) can be solved for the three mixture velocity components and
the mixture pressure, P. An additional equation is needed to determine the volume
fraction of one of the two components. This equation is derived from the
continuity equation as follows. In case of no phase change, the continuity equation

for the fuel component, ¢, is given by

J 9

It is convenient to write the above equation in the form of the general scalar
transport equation, Eq. (3) especially, when commercial software is being used.
This is done via a variable transformation, ¢ = (p o rov )/p , making use, at the
same time, of the definitions of the mixture properties given by equations 4-8.
Though Eq. (9) is already volume averaged (see Drew, 1983) it is customary to
apply time averaging as a means of filtering (or smoothing) the un-resolvable
small scales. This results in some additional terms involving higher order
correlation between the fluctuation component of volume fraction and the velocity.
Here, all these terms are lumped together and included in the diffusion term (Eq.
3) (see Celik and Wilson, 2000, for more details).

The resulting scalar transport equation used in this study is
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where R=pa/p B=p ¢#p , represents the ratio of the two fluid densities. The

volume fraction can then be calculated from

o $
“ g+ R({(1-4¢)

(11)

If one takes advantage of the simplifying assumption that the ratio of the densities
is nearly one, it can be shown that Eq. (10) reduces to the more familiar form
(Halbronn, 1949).
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Equations 1, 2, and 10 form the basis of our model, which will be referred to as the
Single Fluid Scalar Transport (SFST) model.

3 PHYSICAL SUB - MODELS
3.1 Slip - velocity relationship

A sub-model for the SEST model was developed to introduce the effects of slip
velocity. Celik et al (1999) modeled the slip velocity with a constitutive equation
obtained from Ishii and Zuber (1979) given by

=1, = flr, ppti,.gete)=(1-1, VU 1= =u,=0
(13)
where ueo is the terminal velocity of a discrete particle or droplet. Our assumption

of zero slip velocity in the horizontal and tangential directions is a limitation of the
droplet formation model. However, the fuel facility that we considered resembles
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sedimentation tanks and Eq. (13) should provide adequate accuracy. The terminal

velocity is calculated from (Umbel, 1998)

94 _ 4gd.=1’6 £~ Pa
@ T 34 375
3 2

where dp is the droplet diameter and g is the acceleration of gravity.

3

(14)

3.2 Droplet formation model

Figure 1 shows some characteristic droplets forming in the vicinity of the fuel-
water interface. It is the size of these droplets that needs to be predicted by the
droplet formation model. Parameters based on locally calculable flow properties
should be used to capture the droplet behavior and formation. Here we report on

the development of such a model.

(b)

Fig. 1 Instantaneous photographic images of diesel fuel-water flow: (a) she
facility (Wu and Katz, 1999), (b) half-scale, 2-compartment tan
permission from Atsavapranee and Katz, 2000).

The new droplet formation model is based on a previous model (Celik and Wilson,
2000) which used a gradient Richardson number, Ri p defined by

_ 2/ P )@/ )

Ri
. QU ey’

(15)

where U is the horizontal velocity of the fuel in the mixed layer. However, when
the gradient Richardson number was used as the local flow parameter, singularities

developed (primarily due to the velocity derivative in Eq. (15)) in areas of flow
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separation and recirculation zones. To prevent the occurrence of these
singularities, a turbulent Richardson number expression is formulated using scale
analysis on Eq. (15), which leads to

i P K 12
—(Opicv)gsy

RIT - L2
where [; is the integral length scale of turbulence and u, _ is root mean square

velocity fluctuations. Making the assumptions that the turbulence is isotropic (i.e.
uw? = (2/3)k), and using I, ~ k*’?/¢ , along with Eq. (5) and (6) to eliminate the

nms
mixture density, Eq. (16) can be written as

(i A
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P
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where k is the turbulent kinetic energy, € is the rate of dissipation of k, andp ,/p
fis the water to fuel density ratio. It is further assumed that the maximum droplet

size formed at the interface cannot be larger than roughly half of the mixed layer
thickness, & »p With this in mind, we suggest the characteristic length scale which

determines the droplet size be given by

‘|
.| 0 Ri
L = in —’"——' \ —L ‘

(18)

where Ri o 18 the critical Richardson number [see Eq. (20)], which is defined as the

value of the turbulent Richardson number beyond which no droplet is formed, (i.e.

where the flow is no longer turbulent).

An expression for the critical Richardson, Ri__, number is derived from a force

cr’

balance between the inertial and surface tension forces,

au .

U d—AQ = O/
4 (19)
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where G is the surface tension. If du/dy = A U/6 ,=u, /6 ,and =38  , Eq.(19)
yields
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In Eq. (20), & |, represents a momentum layer thickness. From the literature
(Atsavapranee 1999), an emperical relationship is obtained that relates & |, to 5

which is given by

~
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{

l 5,
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The surface tension effects are thus accounted for through the use of the Weber
number. However, other mechanisms such as pinch off, which may influence the
formulation of these droplets, are not considered. It is further assumed that the
droplet size formed is in equilibrium with the surrounding turbulence, hence, it
should be limited by a lower bound proportional to the Taylor microscale. The

resulting equation is given by.

m ; 5 172

Soe
N o= ) . 11— )0_5 . &,
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L ¢ o '\
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The constant ¢, is selected somewhat arbitrarily as 0.5. Experimental observations
(Katz, 2000) indicate that it could be as low as 0.1. The constants Cy and m,

present in Eq. (27), are calibrated using only two data points from the shear flow
experiments (Wu and Katz, 1999) along with other necessary flow information
from the CFX and FLOW-3D calculations. These values Cy = 0.0365, m =2.2, and
¢y = 1.0.

4 COMPUTATIONAL DETAILS
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4.1 Applications with cfx

The default model for multiphase flows in CFX-4 is the homogeneous multiphase
(HMP) model and application of this model was very problematic (see Chang et
al, 1996; Chang, 1998, Umbel, 1998) in terms of convergence, accuracy, and
computational efficiency. The HMP model showed too much mixing, which also
causes the fuel to reach the outlet prematurely. For larger, more complex
geometries, the HMP model was also limited in that a turbulence model could not
be included because of extreme convergence difficulties and buoyancy effects
could not be modeled using the HMP model. Because of these problems, the SEST
model was implemented via the user subroutines provided in CFX - 4.

4.2 Applications with flow-3D

Multiphase flows are dealt with in FLOW-3D (trademark of Flow Sciences, Inc.)
also through a variant drift flux approximation, allowing the slip velocity to be

calculated from

) 4 P — 0 N 1

Uy = Der, (1—71, | cr TS —¥p,
: 0 1p

’ (23)

where V p, is the pressure gradient. Df, the particle relaxation time, (referred to as
drift flux coefficient in FLOW-3D), is calculated from

352 )
2y L

.= —
77 9, 18w

(24)

where rO:Dp /2 is the droplet radius, and ¥ is the mixture kinematic viscosity.

Here too, the droplet size Dp is calculated as part of the solution using our droplet
formation model DFM-V3.1.

S RESULTS AND DISCUSSION

The droplet formation model, DFM - V3.1 was applied to three different cases,

which were also investigated experimentally. The first case deals with a two-
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dimensional shear flow geometry (Figure 2). The impinging jet and the two-
compartment tank are the other applications, which are shown in Figures 3 and 4,

respectively.

Usper Ot
P‘idr.dﬂ\
\—\/uﬁn&aa
0 aw ]
\ - ,
\ /
\ Wit
Fig. 2 2-D shear flow geometry Fig.3 2-Dimp
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Fig. 4 3-D half scale tank

5.1 Shearflow simulations

Figure 2 shows a two-dimensional shear flow test case in which the lighter fuel
enters from the top left and flows right, and the heavier water enters from the
bottom right and flows left. The inlet flow rate of the fuel was a kept at 15 gpm,

while the water flow rate was varied.

The goal of this study was to predict the mixed layer thickness as well as the
average droplet size. Figure 5 shows the predicted mixed layer thickness for two
inlet flow rates, and shows that DFM — V3.1 accurately predicts the mixed layer
thickness. In the experiments, the fuel droplets were contained within a 5 cm
window. Figure 6 shows the predicted average axial fuel droplet size. It is evident

that predicted droplet sizes in good agreement with experiments.
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Fig. 5 Mixed layer thickness comparison
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Fig. 6 Avr. fuel droplet size comparison

5.2 Impinging jet simulations

The impinging jet simulation was modeled after the experiments performed by
Friedman and Katz (1999). Figure 3 shows the 2D (axisymmetric) model used in
the simulations. Here the main interest was in the flow phenomena near the

interface, and in droplet formation.

Figure 7 shows contours of the droplet sizes predicted by the DFM-V3.1 for an
interface Richardson number of 0.57 and a jet Reynolds number of 12,000. This
case corresponds to flow regime 3 as defined by Friedman et. al. 1999. Figure 8
shows the predicted average droplet size, over the mixed layer region, as a
function of the normalized radial distance. The average of the all droplets in the
region turned out to be 1.21mm, which is very close to the experimental results of
1.24mm.
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Fig. 8 Average droplets size (1n mm)

variation with x- location

5.3 3-D, two-compartment tank

The half-scale tank model was designed to enable the study of the buoyant jets
common during the refueling process of CFBT's. Fuel is introduced through a
vertical inlet pipe located in the first compartment. When the fuel fills the top of
the first compartment and reaches the manhole it begins to spill into the second
compartment forming a buoyant jet. The two flow rates considered were 23.5 gpm
and 45 gpm.

The experimental results shown on the left in Figure 9a compare well with the
pseudo-steady state solution obtained using the SFST model in CEX (Fig 9b).
When Figure 9a is compared to Figure 9cl, it is clear that FLOW-3D has more

numerical diffusion in the solution when the first order advection scheme is used.
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This is not the case when the second order advection scheme is applied, Fig. 9¢2,
which shows good agreement with experimental data. It should be noted however
that the picture in Fig 9a was taken from outside of the tank, thus fuel in the
foreground might have blocked the events happening in the center at the top of the
tank.

(a) Experimental

(c1) FLOW-3D simulation (c2) FLOW-3D simula

Min-Mod TVD scheme 1%t order upwind scheme 2 order upwind schen

Fig. 9 Comparison between experimental and numerical simulation using C
FLOW-3D

Figure 10 shows the predicted fuel droplet size distribution within the tank using
DFM - V3.1. Applying the current droplet formation model, DFM-V3.1 to the
half-scale tank using FLOW-3D showed that the fuel droplet sizes ranged from 0.5
mm to 6.0 mm, where as in the experiments they typically ranged from 0.25 mm
to 5.5 mm (Atsavapranee and Katz, 2000).

6 CONCLUSIONS

A droplet formation model (DFM-V3.1) has been developed to predict the local
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fuel droplet size distribution within the mixed layer in flows of two immiscible
fluids dominated by shear and buoyancy forces. This model uses the local flow
parameters and dimensionless numbers, such as the Weber number, Richardson
number, and Reynolds number, to determine the size of the droplets, which is also
dependent upon the size of the small eddies present at that location. The needed
local flow quantities, such as the turbulent kinetic energy and rate of dissipation
are obtained from the solution of a set of transport equations formulated for the
mixture itself. A new scalar transport equation is formulated which is linked to the
volume fraction of the fuel implicitly. These equations are solved with the help of
commercial CFD codes, CFX — 4 and FLOW-3D, utilizing the user subroutines.

TalEsealr dynimic simula fon
Droplrtsier zonbur
i =11y 4l gpm
|2 omderadveeton schrme with 1 fne rgrid|

- - -
Skedl Drpielicw]

() (b)

Fig. 10 (a) Fuel droplets size distributions (in meters) for half-scale tan
DFM-V3.1 (b)Droplet size distribution for half-scale tank det
experimentally (Atsavapranee and Katz, 2000)

The new droplet formation model (DFM-V3.1) was applied to three different test
cases, namely the 2-D shear flow, the 2-D axisymmetric impinging jet, and the 3-
D two compartment half-scale tank. The predicted results are in good agreement
with experimental data for all three cases. Accurate predictions of the mixed layer
thickness, as well as the local droplet size distributions, are vital in prediction of

the fuel present in the effluent discharge. The new model can in principle be used
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for tracking of small fuel droplets, which disperse much faster than the bulk fuel
itself, and is transported to the outlet with the water. This topic is currently under

investigation.
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