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ANALYZE THE COMPRESSIBLE FLOW CHARACTERISTICS IN A
CHANNEL WITH DOUBLE ELBOWS BY FINITE ELEMENT METHODS *
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Abstract :

Two-dimensional numerical simulation is carried out to study the
fundamental characteristics of compressible flows through double elbow channel,
the air used as a working substance. One channel include horizontal flow enters first
elbow and the other include vertical entrance to the second elbow. In this paper, the
flow fields in two elbows with their dead zone have been investigated. A non-linear
k- € model is employed to solve the flow characteristics by using the finite element
method with a curvilinear coordinate system near the dead zone The k-€ model is a
semi-empirical model based on model transport equations for turbulent kinetic energy
k and its dissipation rate ¢. i.e. the rate at which turbulent kinetic energy is converted
into internal energy by viscous action. The derivation of turbulent kinetic energy and its
rate of dissipation derived from Navier stocke equation. The model geometry and mesh
were created using the COMSOL 3.5 software. This results of the simulations that have
been made to date; baseline results employing the k-¢ turbulence model are presented,
the predicted value for the flow characteristics in double elbow is in reasonably
good agreement with published correlations. For accurate solution the computation
is considered converged to the steady solution, when the value of the maximal
normalized equation residual is less than (10°) The model applied for two different
flow velocities (20 m/s) and (30 m/s) and the obtained results presented as curves,
surface and contours for velocities turbulent kinetic energy , rate of dissipation of
turbulent kinetic energy and vortices .the builded model can be utilized for academic
purpose since, it widely used were most flow systems contain elbows.

Key words : compressible flow, sudden change flow, flow in elbow

Ordyal) aa Aagtie 5L A i) olyall gaibad Jaladl dgase Slslas
SJJJMJ\ me\ 3&9\)&9

J&swmf

o Ahlian) adisall A el Ll patbadd) Ll huig a3 alafl) 4ol L 5lslag

A8 gt Jeda Jaudn o) LN L Auulud) Sl jad) Balas o logd aladiad ad ¢ Cpialaia G5eS il 3LE
L ot ¢ duad 1ia B AUN gosh ) ol sages Jaaa Jauds LGN 5Ll gosll 1 A ol
k- € glsal . Jhad b dinal ghlia ) Bla) cpaalaiall sl g LGN 8 oljad) a¥laa Jaladg

" Received on 11/3/2014 , Accepted on 29/12/2014
* Assistant Lecturer / University of Technology
34



AL- Tagani, Vol. 28, No. 1,2015

cldiaa) Al Sasaall jabiell A8 )b aladiuly & Ladl patbad Jal s cslagy ddudag ol obid 8
Nalra o ading pisal 58 A— € gisal . Lba ¥ cliiaa) aladiad af doa gesl) il gl ¥ i
o A al Bl (eat A aly @A) Jaral f LABUD 0a aBh Jaea Jlog, dyhudaal | Al LB BT
a0 Jarag dgshudaall Asadl ABlY el aae GELE a8 Glijad) Sae dag i il cual Ay hudas A0AN A8l
2la COMSOL 3.5 . gualip aladiady  ousigh zigaillely a3 .Navier stocke dlalaa ¢ §adinall 431
Sl paibaig h— € qhbud) il padiud 2 Al galil) Gae 5 Wil a3 A Slslaall il
Adle il 48 o Jouand) Gl L Jlaal) 130 5 ediiall dpalled) Gigadl aa Ailaia culls gzoatall gl
O oy ATl a5 il gl L (107°) o el (8 4oy 7 gamasal) mas)l) Unid) dad aias o
LA 5o zshuy cbidate (84 o cule Alaaiual) guliilly (8 30) dstlls (B/a 20) A6 opnilisg
OSan Aldaty Al ol @A) zisadd . clalatly Lol Jarag dphidaall g jall A8y Aag3lls g sl asd
adlsal) Sl claghiia aiva o) Gua claghilall cra gl B JLEDY) aly AdsS dpals) GalEY o i

£1e8l doag e Ahaliaily o) Adlakil

Nomenclature :

Symbols Definition Units
rho Density [kg/m~3]
eta Viscosity [Pa*s]

u Inlet peak velocity [m/s]
h_step Step height [cm]
L1 First elbow length [m]
L2 Second elbow length [m]
D Channel diameter [m]
N Number of meshes element -
Err Accepted accumulated error -

1. Introduction :

1.1 Backgrounds :

An elbow is a pipe fitting installed between two lengths of pipe or tubing to allow a
change of direction, usually a 90° or 45° angle Fig. (1a), (1b). The ends may be machined
for butt welding, threaded (usually female), or socketed, etc. When the two ends differ in size,
the fitting is called a reducing elbow or reducer elbow. Bends are essential components of
fluid flow systems, facilitating compact, lightweight designs. But they can also be the cause of
complex secondary flows, losses and variable heat transfer rates in the fluid flow lines [1, 2].
Investigations of the flow through bends are of great significance in understanding and
improving their performance and minimizing the losses. It is already well known that the
flow of incompressible viscous fluids through pipe bends are characterized by flow
separation, secondary flow and unsteadiness which are dependent on Reynolds number as
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well as the radius of curvature of the bend. These in turn have significant influence on the
total pressure loss and local heat transfer rate.

The compressible flow can choke in the bend with the possibility for strong oscillation due to
secondary flow or separation. This can cause changes in the mass flow rate with time
impacting the performance of the whole system. Accurate estimation of mass flow rate and
losses are critical for most compressible flow systems. These factors call for a thorough
understanding of the flow characteristics of compressible flow in pipe bends [3].

Figure (1.a): Long radius or sweep 90° elbow Figure (1.b): Short radius or regular 45° elbow

Pipe fittings like valves, bends, elbows, tees, reducers, expander etc. are the integral part of
any piping system. Flows through piping components are more complex than the straight
pipes. The problem of determining the flow characteristics in elbows are important in design
and analysis of the fluid machinery and many systems. Forcing a fluid through elbow
consumes energy provided by the drop in pressure across the elbow.

1.2 Literature Review :

One of the main problems facing industries and designers on piping systems are the
flow characteristics in elbow and curved paths .There are many studies conducted on the flow
characteristics in elbow and piping systems. Some of these studies are theoretical and some
are experimental.

The experimental solution requires measuring instrument with high accuracy and quick
dynamic response during short time of operation. Theoretical treatment requires accurate
initial and boundary conditions. The more related studies are: Researchers (Edwards et al.
1985; Das et al. 1991; Banerjee et al. 1994; Bandyopadhyay and Das 2007) [4, 5, 6, and 7]
reported experimental studies of non-Newtonian liquid flow through various piping
components and empirical correlation were suggested for individual piping components.
However, data or equations for pressure drops through elbows are meager. Since most non-
Newtonian liquids are highly viscous in nature and the laminar flow is of greatest practical
interest (Das et al. 1989)[8] Two-phase gas-liquid flow through elbows is much more
complex in nature. When flow enters the curved portion, the heavier density phase is
subjected to a large centrifugal force, which causes the liquid to move away from the center of
curvature. Studies on the effect of curve geometry on two-phase gas-liquid flow are sporadic
in the literature Das et al. (1991); Banerjee and Das (1998); Bandyopadhyay et al.
(2000)[9,10,11] reported the experimental investigation for gas-non-Newtonian liquid flow
through bends, valves and elbows. They developed empirical correlation for predicting the
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frictional pressure drop across the piping components. In order to achieve optimum
performance, an accurate design technique is necessary for the prediction of the pressure drop
for non-Newtonian and gas-non-Newtonian liquid through elbows.

Computational fluid dynamics (CFD) is also science can be employed for predicting fluid
flow, heat and mass transfer, chemical reaction and related phenomena by solving numerically
by the set of governing mathematical equations along with the conservation of mass,
momentum, energy. The results of CFD analysis are relevant in conceptual studies of new
designs, detailed product development, troubleshooting in existing unit and redesign. The
CFD analysis complements testing and experimentation which reduces the total effort
required in experimental design and data acquisition.

Computational Fluid Dynamics (CFD) can serve to evaluate the frictional pressure
losses in piping systems, secondary flow effects can be visualized to aid in better
understanding of the flow phenomena and can be applied to piping design for the
improvement of the flow characteristics

2. Theoretical Algorithm :

The Navier-Stokes equations, which express the conservation of mass and momentum,
and the transport equations for k and € used in the turbulence model, form a coupled set of
nonlinear partial-differential equations (PDEs). The COMSOL program uses a finite-element
discretization to convert the PDEs to a set of nonlinear algebraic equations. The solutions
obtained here employ the segregated solution algorithm, in which the equations are solved
sequentially, as opposed to being assembled into a single matrix equation and solved
simultaneously. Since the equations are nonlinear and coupled, the segregated method
requires that an iterative process be used:

Starting from an initial “guess” for all the variables, the solution is updated, or allowed to
“relax”, toward the final steady-state solution as the iterations proceed.

The inlet is used to specify the inlet velocity and outlet is used to specify pressure outlet.
These geometries of the elbows are imported into COMSOL program in a Cartesian co-
ordinate system. Turbulent non-Newtonian Power Law model have been used for simulation.
The model solves for Navier-stokes equation at prescribes velocities. The governing equations
are nonlinear and several iterations of loop must be performed before a convergent solution is
obtained. The first-order upwind scheme is used in the discretization of set of governing
equations, finite element schemes is used for calculating cell-face pressures for using the
Segregated solver in COMSOL. Pressure-velocity coupling refers to the numerical algorithm
which uses a combination of continuity and momentum equations to derive an equation for
pressure (or pressure correction) when using the segregated solver.

The system of equations can be summarized by following basic equations

Equation for K

—fU—="Lt52— e+ —
ot Tox;  p 0x;

Equation for €:

dc dc c Ui J0 |1 U\ dc
— + U; — = C,.— S*-¢C ) — —( )
ot + ] ax ( 1c p 2c€ |+ p u+

ok ok u, ) [1 u\ ok
(e 55) 5
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Turbulent viscosity is calculated from:

There are 5 free constants:

3k ,d, ,Cic,Cyc,Cy

2.1 Overview of the equation for Kk :

— The equation for k contains additional turbulent fluctuation terms, that are unknown.
Again using the Boussinesq assumption, these fluctuation terms can be linked to the mean
flow..

— The following (simplified) model equation for k is commonly used

d(pk) d —\__ 0 [ ( ut) ok ] - =
Rate of Convective Diffusive Rate of Rate of
Increase transport transport Production destruction

— The Prandtl number g3, connects the diffusivity of k to the eddy viscosity. Typically a
value of 1.0 is used.

2.2 Overview of the equation € :

— A model equation for € is derived by multiplying the k equation by (e/k) and
introducing model constants.

— The following (simplified) model equation for € is commonly used

0(p£)+0(_)_0[<+ut)ae]+c € 2S5 —C ¢
At ox; pPEU; ~ 9x U o) dx; le HeDijeoij 2ePK
Rate of Convective Diffusive rate of Rate of
Increase transport transport production destruction

— The Prandtl number g, connects the diffusivity of € to the eddy viscosity. Typically a
value of 1.30 is used

— Typically values for the model constants C;. and C,. of 1.44 and 1.92 are used
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2.3 Calculating the Reynolds stresses fromk and € :

— The turbulent viscosity is calculated from:

k2
Ue = Cu?cu = 0.09
— The Reynolds stresses are then calculated as follows:

T ou; | Ouj 2 < 2
— pUU; = [y (ﬁ + —1) pkdij = 2u.S;j — - pkdy;
]

dx;i N E
— The (2/3)pkd;; term ensures that the normal stresses sum to k

Numerical treatment of the model :

Table no.l1 and Figs. (2&3) represent steps of the main considerations that taken into
account during modeling of compressible flow through the channel with double elbow.

Table (1): data used to solve the model

rho 1.23[kg/m"3] Density

eta 1.79e-5[Pa*s] Viscosity

u 20 &30[m/s] Inlet peak velocity
h_step 3.81[cm] Step height

L1 1 [m] First elbow length

L2 1 [m] Second elbow length

D 0.2 [m] Channel diameter

N 5024 Number of meshes element
Err 10° Accepted accumulated error

/ Elbow no.1

ool ~

0.6 [

0.4

Elbowno.2 |&— \ >

1] 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

Figure (2): the geometrical shape of the channel with double elbow
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Figure (3): the physical domain of channel with mesh divisions

Results and discussion :

For the application of the mentioned theory of compressible flow through open
channel with double elbow, a numerical solution for the geometry is presented.
The solution include the velocity profile through the channel with double elbow under initial
velocity u =20 m/s and 30 m/s, the velocity contours through the channel with double elbow
under inlet velocity u =20 m/s and 30 m/s, turbulent kinetic energy through the channel with
double elbow under inlet velocity u =20 m/s and 30 m/s, turbulent dissipation rate through
the channel with double elbow under inlet velocity u = 20 m/s and 30 m/s, turbulent
viscosity through the channel with double elbow under inlet velocity u =20 m/s and 30 m/s,
and the vortices through the channel with double elbow under inlet velocity u =20 m/s and
30 m/s.
After feeding the main program by the mentioned data. Numerical treatments with the system
of equations are carried out. The numerical method used her is finite element method for
solution the differential equations. Figs (4) and (10) it is clear that the minimum value of flow
velocity appear near the walls of elbow due to sudden change in the flow direction .in Figs (5)
and (11) represent the contours of equal velocities in the channel and through elbow and the
line of min velocity appear near elbow walls and the max flow velocity appear after elbows.
Figs (6) and (12) give us turbulent kinetic energy through the channel where the maximum
turbulence value appear at the entrance of the flow and its minimum value in near the first
elbow. Figs (7) and (13) represent turbulent dissipation rate through the channel the max
dissipation rate appear near the zone of low turbulence value . Figs (8) and (14) give the
behavior of turbulent viscosity through the channel were big changes occurs due to variation
in flow field and kinetic energy.
Figs (9) and (15) represent the behavior of the vortices through the channel where higher
vortices appear near the second elbow.
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Figure (4): the velocity profile through the channel with double elbow under initial velocity
u=20mfs

Contour: Velocity field [m[s] Max: 23478
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Figure (5): the velocity coontours through the channel with double elbow under inlet velocity
u=20mfs
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Figure (6): turbulent kinetic energy through the channel with double elbow under inlet velocity
u=20mfs

41



0.8

0.6

0.4

X3

o5

o4

0.8

o6

0.4

AL- Tagani, Vol. 28, No. 1,2015

Surface: Turbulent dissipation rate [nPs®] Max: 52,922
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Figure (7): turbulent dissipation rate through the channel with double elbow under inlet velocity
u=20mfs

Surface: Turbulent viscosity [Pa-s] Max: 9.074e-3
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Figure (8): turbulent viscosity through the channel with double elbow under inlet velocity
u=20mfs
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Figure (9): the vortices through the channel with double elbow under inlet velocity
u=20mfs
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Surface: Velocity fisld [m/s]
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Figure (10): the velocity profile through the channel with double elbow under initial
velocity u = 30 m/s

Contour: Velocity field [m/s]
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Figure (11): the velocity profile through the channel with double elbow under inlet
velocity u =30 m/s

Surface: Turbulent kinetic energy [nfs2]

8]

o

0.2 o4 08 0.8 1 12 1.4 16 1.8 2

Figure (12): turbulent Kinetic energy through the channel with double elbow under inlet
velocity u =30 m/s
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Surface: Turbulent dissipation rate [nf/s%]
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Figure (13): turbulent dissipation rate through the channel with double elbow under inlet
velocity u =30 m/s
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Figure (14): turbulent viscosity through the channel with double elbow under initial
velocity u =30 m/s
Surface: Vorticity [1/s]

Figure (15): the vortices through the channel with double elbow under inlet velocity u =30 m/s
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Conclusions :

The present work illustrates the following conclusions

1. The finite element method can be regarded as one of the more efficient methods to
analyze the flow characteristics.

2. The turbulent kinetic energy through the channel with elbow have maximum
turbulence value appear at the entrance of the flow.

3. The geometry and physical assumptions play big rule for reaching stability of solution
and reducing accumulative errors

4. The vortices through the channel with double elbow always concentrated in sudden
change flow zone and depend on rate of turbulence
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