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Abstract

Flow characteristics were investigated theoretigalind numerically, inside a diverging duct througiich a
periodically fully developed flow of fluid is padsas working fluid. The governing differential etjoas along with
boundary conditions were solved by finite diffeeemoethod. The discritized equations with proper rigauy
conditions of numerical solutions were sought btaiing Leibmann’s Successive under Relaxation (Sué&hod.
It has been done on the basis of stream functioth \aorticity formula of the two dimensional Navidpig's
equation and continuity equation for all nodes. @aoiations were performed for different values @& Beynolds
Number and the geometric parameters. If the divecgeangle is sufficiently high and for high Reysatdimber the
flow become unsteady. The current study is endédfon steady laminar flow. Numerical results olotad were
analyzed for the effectiveness of different vatdahict length and outlet diameter for a fixed ird@ameter.

Keywords. Numerical Investigation, Diverging Duct and Insiglew. nction, vorticity function and Navier-stolke’
equation.

1. Introduction

A divergent duct can be used when it becomes nagets expand a fluid to increase the
pressure and thereby decrease the velocity. Overduinvestigation aimed at analyzing the
flow patterns and the variation of velocity insittee divergent duct along the centerline
region. Study of the flow characteristics inside thverging duct is of great importance if it
is necessary to increase the velocity along cae flegion, as flow is always affected to
some extent by the length, inlet diameter, outi@tngéter and other boundary conditions. If it
is possible to increase the velocity along the edine region by flowing fluid through a
divergent duct, it can be used as a wind accelefatoa wind turbine. Because if it is
possible to increase the velocity of the approaghind to a wind turbine the power
generated by turbine could be increased as wincepgeneration is proportional to the wind
speed cubed. By placing a turbine into a diverglerct can accelerate the approaching wind
velocity along the center line and can increasetiveer output.

In the case of internal duct flow the boundary fayckness is considerably affected by
the pressure gradient in the direction of flow. Wiaeflat plate placed in a stream of velocity,
the pressure may assumed to be uniform i.e. thespre gradient is zero. But in the case of
divergent flow i.e. the flow through diverging dube pressure gradient is positive; the fluid
in the boundary layer is further decelerated anttcéeassists in thickening of the boundary
layer. The adverse pressure gradient plus the laoyrsthear decreases the momentum in the
boundary layer and if they both act over a suffitidistance they cause the fluid in the
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boundary layer to come rest i.e. the retarded fh#dicles, cannot, in general penetrate too
far into the region of increased pressure owinghiir small kinetic energy. Thus, the
boundary layer is deflected sideways from the bawndseparates from it and moves into the
main stream. This phenomenon is called separafipnSeparation of the boundary layer
greatly affects the flow as a whole. The separatibfiuid in a divergent channel depends
upon the angle of divergence, Reynolds number aled Velocity [2]. The separation of the
flowing fluid is from the boundary first occurs afpoint where the velocity gradient become
zero, this point is known as separation point. @wrstream of the separation point, a
farther retardation of the fluid close the boundzap even have reverse or back flow near to
the boundary. At the edge of the separated boundgey, the velocities change direction.
As a result of the reverse flow large irregularieddare formed. The flow in eddies causes
circulation of fluid [1], which produces, a line wbrtices (known as a vortex sheet) [3]. This
happens because fluid to either side is movingnéndpposite direction. The recirculation in
the upper boundary is reversed with respect taaglation in the lower boundary. These
recirculations in upper and lower boundary prodac@egative pressure along the duct
surface. This negative pressure causes increasass flow rate, which causes increase in
velocity along the centerline region of the maireain flow. Increasing the angle of the
divergence increases the boundary layer separatibich produce more vortices [3]. This
results more increase in velocity along the cemerlit could seen from the analysis that the
recirculation length increased with increase of idgs number, and for high Reynolds
number the recirculation region extend to the ialed the flow became complex.

Experimental investigations were carried out by komad Mashud, Md. Mahfuz
Sarwar and Md. Nafiur Rahman [4]; they developetiffaser-type structure that is capable
of collecting and accelerating the approaching wiflgey devised a diffuser shroud with a
brim that is able to increase the wind speed of@gpghing wind substantially by utilizing
various flow characteristics (e.g., the generawwdra very-low-pressure region by vortex
formation, flow entrainment by vortices and so o)the inner or peripheral flows of a
diffuser shroud equipped with a brim. They showat the velocity could be increased 1.6
to 2.4 times that of inlet by directing the airdhigh a divergent duct, with attaching a brim
of proper height to the outer periphery at the dxtt. In this investigation we consider only
a diverging duct without brim or shroud.

The present study, however deals with systemaficalestigate the laminar flow
through diverging duct for variation of parametaffecting the flow field. This study will
enable the creation of a knowledge base for mdeetefe and efficient design of diverging
duct encountered in engineering applications. Sukhowledge base will also be helpful in
avoiding costly experimentation to study the perfance of diverging duct.

2. Governing Equation

We considered a divergent channel of length Ltidiameter d and outlet diameter D. A
parabolic velocity profile is used at the inletgFR2.1 shows the geometry of the flow
domain. The flow is considered to be two dimendicsigady state, incompressible, laminar
and the physical properties are assumed to be aungtrough the divergent channel. The
body force is neglected x&Fy) here. The equation of motion for incompressitevfwith
constant transport properties, namely the Navigkess equation and the continuity equation
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are used here as the governing equation. The gagesguations in the non-dimensional
form are-

Continuity equation
L (i)
oX oY

Navier-Stokes equation

L ou” LU _ 9P" 1 (d%uU”  9°U” .
U —+V ——=——+—| —+—|....... (||)
aX aY 0X Rel ax?  av?

LOVS  Lavi 9Pt 1 (9% 9%V
_ L + 20 (iii )
X oY oY Rel oax? oav?

The reference conditions are as, the inlet diamist@onsidered as the characteristics
length and the corresponding maximum horizontal mament of the velocity is
considered as characteristics velocity. The dinmeesss parameters in the equations
above are defined as follows

And Reynolds number is defined as

Re= umaxd
4

The general boundary conditions in the flow donzai
Boundary Condition for Inlet section:

Applying fully developed parabolic inlet profile,

2
* u y_y 2
U= =4 Y- |=gy-v
u A[d dZJ ( )

In normal form, u=4y(@-y) , Stream function is obtained
Y =[2y2 —gyg’j W,

Here ¢,= Constant. The vorticity at inlet section,
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au 92y .
w=|-—|=- =42y -1) (at the inlet v=0
( ay) ¥ 42y-1) ( )

Boundary Condition for outlet section:
Assuming fully developed flow conditions,

ou oy

— =0 — =0
0X 0x
ﬂ =0 a_a) = 0
0X 0x
At the Bottom Boundary:
We know that the velocity components are:
u= a_l.|J and V= —a_qJ
oy ox

Applying no-slip conditions,
u=0 and v=0
O Stream functio®’ =c, Assume c=constant

At The Top Boundary:
At top boundary the velocity components,

u=0 and v=0

Direction —» |

offluid 5 d

flow
3

TP

—

Figure 1. Geometry of the flow domain
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3. Numerical Methodol ogy

The governing equations along with boundary coodgiare solved using a numerical
code written in FORTRAN language to get stream fiong vorticity and velocities at
every nodal point. Finite difference method is useddescritised the equations. The
conventional Gauss-Seidal method is used for iteragechnique to solve the equations
along with boundary conditions. The successive urééaxation (SUR) method is
employed to accelerate the rate of convergence afteh iteration. The inlet diameter
and inlet velocity was fixed. The flow domain ishaal for length 2.0 and 3.0 and the
outer diameters vary from 1.2 to 3.0 with an ingéref 0.2 for both of the length. The
effect of Reynolds number on the flow field wasdéd for Reynolds numbers 200, 400,
600, 800, 1000, and 1200. But for both length 210 8.0, when outer diameter greater
than 1.4 for Reynolds number greater than 400Itve hecame complex and we are not
analyzed that kind of flow.

4. Results and Discussion

The results obtained by numerical (finite differenmethod) solution of the Navier-
Stokes and continuity equations for expanding aymmetric laminar flow is presented.
A typical geometry for this study and boundary dtods have already been discussed
above. The parameters affecting the performanca diverging duct are the Reynolds
numbers, angles of expansion (D/d) and lengths. rékalts presented here show the
effect of varying Reynolds number on the flow domdor constant geometrical
properties; for a length of 3.0, inlet diameter ar@l outlet diameter 1.60. It is found that
the centerline velocities of the parabolic profiges almost 1.08 to 1.99 times of the inlet
for different Reynolds numbers at the outlet.

Figure 2(a) and 2(b) shows the streamline plotstfar different values of Reynolds
number. It can be seen that there are two diffeflemt regions, namely the core flow
region and the recirculation region. The recirdolaregion is indicated by the separating
streamlines. The recirculating zone increasesze as Re increases. The recirculation
region is the result of the pressure gradients abtm the stream lines. The effect of
increasing Reynolds number strengthens and widkasrdcirculating zone and the
overall flow intensifies. Dead flow reserve regioae created at the vicinity of the
boundaries.

The analysis of the flow field in the precedingtg®sts can be better envisioned by the
velocity vector field provided in Figure 2(c) an@® A greater shaft length of the arrows
near the wall and along the centerline near thdéebugfves the indication of higher
velocities in that region. It is well evidencedrfrdhe velocity vector field that at higher
Reynolds number and greater angles of expansionifisant recirculating bubbles are
formed near boundaries. These bubbles are produgcedsignificant reduction in fluid
momentum and adverse pressure gradient cause@dg@gpansion.
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Figure 2. Streamlines and Velocity vectors at défeé Reynolds number
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Figure 2. Streamlines and Velocity vectors at déffe Reynolds number (cont.)

The axial velocity distributions through the diveng duct for varying Reynolds number
are plotted in Figure 3b. The velocity profile hetentrance to the channel is parabolic
with a maximum axial velocity of unity in accordanto the boundary condition. Figure
3 show that the peak of the horizontal velocity poment increases and its location shifts
toward right with the increasing Reynolds numbeeaNthe wall, a large velocity area
with negative axial velocity develops which indiesithe existence of significantly large
recirculation region. Near the outlet, for Reynotdsnber ranging from 200 to 400, the
cross-sectional maximal axial velocities are asida08 times larger than the entrance.

Figure 4 shows the variation of Ufk)at the centerlinéor different Reynolds number. It

showed that increase in the velocity along the eséine is more for higher Reynolds
number. It also showed a good agreement with tleei profile showed in Figure 3.
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Figure 3. Velocity profile at channel of Length=800uter Diameter=1.6
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Figure 4. Variation of centerline velocity at chahof Length=3.0 of Outer
Diameter=1.6
5. Conclusion
The present numerical study throws some light omw finside a diverging duct. The

extent of recirculation near the boundary helpmaneasing the velocity in the centerline
region. The study also reveals the effect of changgeynolds number and geometrical
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parameters on flow domain. This kind of study widfinitely help to design diverging
duct for flow accelerator like within the wind tunie.

Nomenclature

L Length of the domain o Vorticity
d Inlet diameter of the domain ® Dimensionless Vorticity
D Outlet diameter of the domain ¥ Stream function
Wo Initial value of Stream function p Density of fluid
g Dimensionless Stream function u, Free stream velocity
u Dynamic viscosity of fluid v Kinematic viscosity of fluid
Re Reynolds numberé'£ u,v Velocitgmponents
U
X,Y  Dimensionless x and y co-ordinate
U,V Dimensionlesselocity components
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