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ABSTRACT

Computational fluid dynamics (CFD) analysis of single- phase and two-phase flow was performed in a 90 degree hori-
zontal to vertical elbow with 12.7 mm inside diameter. Characteristic flow behavior was investigated at six different
upstream and downstream locations of the elbow. To evaluate the effects of different phases, three different air veloci-
ties and three different water velocities were used during this study. Commercial CFD code FLUENT was used to per-
form analysis of both single and multiphase flows. Pressure and velocity profiles at six locations showed an increase in
pressure at the elbow geometry with decreasing pressure as fluid leaves from the elbow. Pressure drop behavior ob-
served to be similar for single-phase and multiphase flows. Comparison of CFD results with available empirical models

showed reasonably good agreement.
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1. Introduction

A phase can be defined as one of the states of matter
such as gas or liquid, solid. Multiphase flow is the simul-
taneous flow of several phases, with two phase flow be-
ing the simplest case. The analysis of fluid flow in an
elbow is important for a number of engineering applica-
tions like heat exchangers, particle transport piping sys-
tem, air conditioning devices etc. Due to lack of available
theory and model for pressure drop calculation in multi-
phase flow, a computational fluid dynamics study has
been performed for single and two phase flow in an el-
bow and presented in this paper.

Single phase pressure drop for turbulent flow in 90
degree bend was predicted by Crawford [1], using the
frictional effects with no available model for separating-
flow. Spedding [2] measured the pressure drop in curved
pipes and elbow bends for both laminar and turbulent
single phase flow and developed empirical correlations.
The transitional Reynolds numberfor curved pipesof
large bends was also determined using empirical relation.
Another model for pressure drop in two- phase upward
flow in 90 degree bend was proposed by Azzi [3]. In his
model the scatter of the logarithmic ratios of the experi-
mental and the predicted values amounts to about 25%
and is substantially lower than that observed with se-
lected models recommended in the literature. This model
included physically consistent the usual design parame-
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ters and the limits of single-phase gas as well as liquid
flow.

Detailed studies of two-phase pressure drop have lar-
gely been confined to the horizontal plane. Chenoweth
and Martin [4] showed that while two phase pressure
drop around bends was higher compared to single-phase
flow it could be correlated by adoption of the Lockhart-
Martinelli [5] model developed originally for straight
pipe. Chisholm [6] presented another model for predic-
tion of two phase pressure drop in bends, based on ®2LA,
for all pipe diameters, bend radius ratios (R/d) and dif-
ferent flow rates. Shannak Benbella [7] reported that total
pressure drops in internally wavy pipe bends are appro-
ximately 2 - 5 times higher than those in smooth bends.

The main variables which characterize two phase flow
are the increased pressure drop that occurs when a liquid
is introduced into a tube with gas flow and the fractional
pipe volume occupied by the flowing liquid. These two
parameters are the minimum information needed for de-
sign of piping systems where two phases flow simulta-
neously. Liquid entrainment and flow patterns are also
important variable in two phase flow phenomena. The
problem of liquid phase residence time distribution in
two phase flow has not received much attention as in
single phase pipe flow. However, the importance of such
information for fluid contactors and reactors is generally
recognized [8].

Turbulent shear flow in curved duct was investigated
by Ellis [9] comparing the result of two curved rectangu-
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lar flow with a straight duct flow. Mean velocity profiles,
turbulence intensity distributions and stream wise energy
were presented for turbulent air flow in a smooth-walled
duct by Hunt [10]. The study was conducted in high as-
pect ratio rectangular duct with small stream wise curva-
ture, and was compared with measurements taken in a
similar straight duct. Humphrey [11] investigated the
steady, incompressible, isothermal, developing flow in a
square-section curved duct with smooth walls. The lon-
gitudinal and radial components of mean velocity and
corresponding components of the Reynolds stress tensor
were measured with a laser-Doppler anemometer along
with the secondary mean velocities, driven mainly by the
pressure field. Turbulent flow in 90° square duct and pipe
bends was numerically computed by Briley [12] using
Navier-Stokes equation. The numerical solution of the
compressible Reynolds averaged Navier-Stokes equ-
ations in the low Mach number regime (M = 0.05) was
used to approximate the flow of liquid.

2. The CFD Modeling

With the advancement and recent development of CFD
codes, a full set of fluid dynamic and multiphase flow
equations can be solved numerically. The current study
used commercial CFD code, FLUENT [13], to solve the
balance equation set via domain discretization, using
control volume approach. These equations are solved by
converting the complex partial differential equations into
simple algebraic equations.

Three dimensional unstructured mesh was used in this
study for the pipe and elbow sections using an implicit
method for solving the mass, momentum, and energy
equations. The mixture composition and phase velocities
were defined at the inlet boundary of the pipe upstream
of the elbow. The k-¢ turbulence model with standard
wall functions were used due to their proven accuracies
in solving mixture problems. The gravitational accelera-
tion of 9.81 m/s” in upward flow direction was used.

2.1. Geometry Details

CFD simulation was performed to investigate pressure
drop and velocity profiles of single and two-phase flows
in a 12.7 mm inside diameter, 90 degree elbow with an
/D ratio of 1.5. The 1/D ratio of 1.5 was used, as this re-
presents a standard elbow configuration commonly used
in industrial applications. Analysis results at six different
locations upstream and downstream of the elbow were
used in this study as shown in Figure 1. The distance
between each location in the straight pipe sections was
50.8 mm or four times the pipe diameter. A combination
of hexahedral cell edge mapping mesh scheme available
in GAMBIT has been selected for the face mesh genera-
tion. This mesh was then swept along an edge to create
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Figure 1. EIbow geometry with straight pipe sections.

the entire volume of flow. With a greater number of mesh
elements, convergence problems were encountered in
this simulation. A mesh sensitivity analysis was per-
formed that enabled the optimization of the mesh size in
the radial and axial direction of the elbow.

Hexahedral mesh was used due to its capabilities in
providing high-quality solution with fewer numbers of
cells than comparable tetrahedral mesh for simple geo-
metry. The meshed elbow geometry with inlet flow do-
main is shown in Figure 2. The total number of nodes in
the model was 118,110 with 333,402 faces and 108,790
cells. After modeling the flow domain, grid generation is
a key issue in flow simulation that governs the stability
and the accuracy of the predictions. A very fine grid is
computationally more expensive, and is necessary to en-
sure reasonable resolution of the mesh. The flow field in
the vicinity of the wall has steep velocity gradients;
hence finer grid is desirable in this region.

2.2. Multi Phase Modeling

In the present study the mixture model approach was
used where different phases are treated mathematically as
interpenetrating continua and the concept of phase vo-
lume concentrations were assumed to be continuous fun-
ctions of space and time. Mixture model is relatively
easy to understand and accurate for multi-phase flow
analysis compared to Eulerian and VOF (Volume of
Fluid) models.

The mixture model is a simplified multiphase model
that can be used for flows where the phases move at dif-
ferent velocities. The mixture model is also capable to
model any number of phases (fluid or particulate) by so-
lving the momentum, continuity, and energy equations
for the mixture, the volume fraction equations for the
secondary phases, and algebraic expressions for the rela-
tive velocities. The mixture model is a good substitute of
the Eulerian multiphase model as full multiphase model
may not be feasible when there is a wide distribution of
phases or when the inter-phase laws are unknown or
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Figure 2. Meshed elbow geometry and inlet flowdomain.

their reliability can be questioned. The mixture model
can perform similar to other full multiphase model while
solving a smaller number of variables using a single-fluid
approach and allowing the phases to be interpenetrating.
The volume fractions of gas and liquid phases, aG and
aL for a control volume can be any value between 0 and
1. It also allows the phases to move at different velocities,
using the concept of slip velocities. When the phases are
move at the same velocity, the mixture model is reduced
to homogeneous multiphase model.

2.3. Modeling Assumption

In addition to the models and parameters discussed pre-
viously, other assumptions involved in the CFD simula-
tions are stated below. In addition to steady state flow,
the effect of temperature change on the flow has been ne-
glected assuming isothermal conditions. Due to relative
simplicity of the flow geometry, absence of strong body
forces and relatively high flow rates, standard wall func-
tions have been selected and are assumed to effectively
model the near-wall viscosity affected regions for the
turbulent flows. Since the continuous phases considered
in the present study are all liquids, no slip boundary con-
ditions are assumed at the wall of tubing. The effect of
wall roughness on the flow and shear stress has not been
investigated.

3. Solution Strategy and Convergence

A calculation of multiphase flow for a complex geometry
such as elbow requires an appropriate numerical strategy
to avoid a divergent solution. Instead of using a steady-
state solution strategy, the use of a transient solution with
quite small time steps gives convergent solutions and
reasonable results. A second order upwind discretization
scheme was used for the momentum equation while a
first order upwind discretization was used for the volume
fraction, energy, turbulence kinetic energy and turbulence
dissipation rate. These schemes ensured, in general, satis-
factory accuracy, stability and convergence. The conver-
gence criterion is based on the residual value of the cal-
culated variables, i.e., mass, velocity components, energy,
turbulence kinetic energy, turbulence dissipation rate and
volume fraction. In the present calculations, the threshold
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values were set to a ten thousandth of the initial residual
value of each variable, except the residual value of
energy which was a millionth. The residual value of
energy requires a very small value to ensure accuracy of
the solution. In pressure-velocity coupling, the phase-
coupled SIMPLE algorithm [14] was used as an exten-
sion of the SIMPLE algorithm [15] to multiphase flows.
Other solution strategies used were the reduction of under
relaxation factors of momentum, the volume fraction, the
turbulence kinetic energy and the turbulence dissipation
rate to bring the non-linear equation close to the linear
equation.

4. CFD Analysis and Results

Analyses were performed for nine different combinations
of air and water velocities as shown in Table 1. The air
velocities were increased by factors of 2 and 3; the water
velocities were increased by a factor of 10 from the ini-
tial condition.

The CFD analysis results are presented as cross-sec-
tional pressure and velocity profiles. Figure 4 shows the
pressure at locations 2, 3, 4 and 5 of the el-bow as de-
fined in Figure 1. The first column of Figure 4 presents
contours for single phase air with 15.24 m/sec; the sec-
ond column is for single-phase water with 0.1 m/sec ve-
locity. The third column shows the pressure and velocity
contours for multiphase flow with corresponding air and
water velocities. The top of each individual contour dia-
gram represents the inner wall of the elbow and the bot-
tom part of the contour represents the outer wall of the
elbow. For single-phase water velocity of 0.1 m/sec,
higher pressure was observed at the wall forming a high
pressure thin annular pattern. For single-phase air and
multiphase air-water flows, the pressure distribution at
location 2 is dispersed without forming any regular pat-
tern. At locations 3 and 4 higher pressures observed at
the inner wall with lower pressure at the outer wall of the
elbow that reversed as the flow progressed to location 5
at downstream straight pip section of the elbow.

Table 1. Air-water velocities used in CFD analysis.

v\exllg(t:?tr Water velocity Water velocity Water velocity
Y 01 ms 1.0 m/s 10 mvs
0 m/s
Air Velocity 0 Single phase  Single phase  Single phase
0 m/s (Water) (Water) (Water)
Air Velocity Sl}iilg Multiphase ~ Multiphase =~ Multiphase
0.1 m/s pha (Air-water)  (Air-water) (Air-water)
(Air)
Air Velocity Slﬁlfslee Multiphase ~ Multiphase Multiphase
1.0 m/s pha (Air-water)  (Air-water) (Air-water)
(Air)
Air Velocity Sl}?f:: Multiphase ~ Multiphase Multiphase
10.0 m/s I(’ Air) (Air-water)  (Air-water) (Air-water)
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Figure 4. Pressure drop at different location in elbow for
single and multiphase flows.

Figures 5-6 shows the pressure distributions profiles
at location 1 - 5 in the elbow geometry for single phase
and multiphase air-water flows. It appears that pressure
de-creases between location 1 and 2 for multiphase air-
water flow and increases back in locations 3 and 4 as
flow enter the elbow section and then decreases when the
flow exits the elbow to straight pipe section. For single
phase air or water flows, a continuous increase in pres-
sure is observed between locations 1 and 4 and with pres-
sure decreasing between locations 4 and 5.

5. Validation of CFD Results with Empirical
Models

To predict pressure drop in elbows for single and multi-
phase flows a number of empirical models have been
evaluated [16-19]. These models can be classified into
four basic groups: homogeneous model, separated flow
model, dimensional and similitude approach and Chis-
holm approach. All these models use global approaches
because they do not make any reference to a specific
flow pattern presented in the elbow. These approaches,
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Figure 5. Single and multiphase pressure drop for Air =
15.24 m/sec, Water = 0.1 m/sec
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Figure 6. Single and multiphase pressure drop for Air =
30.48 m/sec, Water = 1.0 m/sec.

with the exception of the homogeneous model, were de-
veloped using experimental data provided by several
authors [20].

Pressure drop calculations were performed using the
abovementioned empirical models for similar flow con-
ditions. Due to unknown variables and complexities as-
sociated with calculations with Dukler and Martinelli
models, the results obtained were not reliable. However,
Chisholm model and Benbella models provided reliable
results for a wider range of conditions. Chisholm model
was adjusted by a dimensionless relationship which is a
function of the homogeneous volumetric function and
dean number [21].

Pressure drop results of CFD analysis, Chisholm mo-
del and Benbella Model are presented in Table 2. For
low water velocity of 0.1 m/sec, Chisholm model pre-
dicted pressure drops were higher than both CFD and
Churchill model predictions. At 1.0 m/sec water velocity,
Benbella model predicted higher pressure drop compared
to Chisholm model with even higher predictions in CFD
results. At 10.0 m/sec water velocity, and 15.4 m/sec air
velocity, Benbella model predicted highest pressure drop.
However for the same water velocity, with 45.72 m/sec
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Table 2. Comparison of CFD and empirical model predi-
cted pressure drops (Kpa) [7,18].

Conditions Pressure drop, AP
Air Velocity, Water Chisholm, CFD, Benbella,

m/s Velocity, m/s Kpa KPa KPa
15.24 0.1 29 9 2.1
30.45 0.1 37.4 14.3 35
45.72 0.1 56.1 60.7 45.5
15.24 1.0 56.3 50.3 15.3
30.48 1.0 113.0 139 29.2
45.72 1.0 157.5 446 424
15.24 10.0 37.2 85 48.9
30.48 10.0 172.4 216 251.3
45.72 10.0 208.3 254.4 353.6

air velocity, CFD predicted pressure drop value was 2
times higher than Chisholm and lower than Benbella mo-
del predictions.

6. Summary and Conclusion

CFD analysis of single and two phase flow in a 12.7 mm
elbow was performed using FLUENT. Analysis per-
formed for three different air velocities between 15.24 -
45.72 m/sec and three different water velocities of 0.1 to
10.0 m/sec. Pressure drop profiles and cross-sectional
pressure contour maps were presented for characteristic
flow behaviors in both single and multi-phase flows.
CFD results were compared with two different empirical
models showing reasonable agreement.
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