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Numerical Study of Flow Characteristics due to Interaction
Between a Pair of Vortices in a Turbulent Boundary Layer

Jang Sik Yang*
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This paper represents a numerical study of the flow field due to the interactions between a pair

of vortices produced by vortex generators in a rectangular channel flow. In order to analyze
longitudinal vortices induced by the vortex generators, the pseudo—-compressibility method is
introduced into the Reynolds-averaged Navier-Strokes equations of a 3-dimensional unsteady,

incompressible viscous flow. A two-layer k-& turbulence model is applied to a flat plate 3-

dimensional turbulence boundary to predict the flow structure and turbulence characteristics of

the vortices. The computational results predict accurately the vortex characteristics related to the

flow field, the Reynolds shear stresses and turbulent kinetic energy. Also, in the prediction of

skin friction characteristics the computational results are reasonably close to those of the

experiment obtained from other researchers.
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1. Introduction

The vortices, which are produced by vortex
generators, have an effect on flow and tempera-
ture fields because they have complicated three-
dimensional turbulence characteristics. This flow,
which has longitudinal velocity components, is
an important phenomenon in fluid dynamics and
heat transfer and it can disturb boundary layer
structure strongly and affect heat transfer charac-
teristics.

Many experimental studies on the heat transfer
and the interactions between vortices in a turbu-
lent boundary layer have been carried out. In ad-
dition, proper rules for the design and installation
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of vortex generators have been studied. Eibeck
and Eaton (1987) have conducted experiments
on longitudinal vortices embedded in a turbulent
boundary layer and observed that the longitu-
dinal vortices are found to influence heat trans-
fer enhancement significantly. Pauley and Eaton
(1988) studied two types of flow patterns induc-
ed by vortex generators with changing angles of
attack ; the flow between vortices is directed
either away from the wall, common-flow-up, or
toward the wall, common-flow-down. Numerical
researchers have often used the experimental re-
sults of Pauley and Eaton to prove the validation
of numerical schemes developed by them. The
structure and development of streamwise vortex
arrays embedded in a turbulent boundary were
investigated by Wendt and Hingst (1994). Re-
cently, studies on the performance of vortex gen-
erators, which are used as heat exchangers, have
been performed widely.

With experimental studies, numerical studies
focusing on the interactions between vortices and
boundary layers have been carried out using the
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vortices generated by vortex generators as models.
Using the PNS (Parabolarized Navier-Stokes)
method, Anderson and Gibb (1992) performed a
study on the longitudinal vortices induced by
vortex generators. They also examined the fluid
flow characteristics with respect to the geometric
arrays of different vortex generators set up at the
S-duct inlet. Numerical simulations of turbulent
flows in a rectangular channel with mounted vor-
tex generators on the bottom wall were carried
out by Zhu et al. (1993). The flow field was com-
puted by solving the Reynolds-averaged Navier-
Stokes and energy equations, and the turbulence
was taken into account by solving standard k-¢&
model equations with the wall law. Kim and Patel
(1994) performed experimental and numerical
studies of the interaction between the vortices and
the turbulent boundary layer generated in the
duct with flat plates and curvatures. Kim et al.
(1996) studied heat transfer characteristics and
flow structure in turbulent flows through a flat
plate three-dimensional turbulent boundary layer
containing built-in vortex generators using the
PNS, the standard k-¢ turbulent model and the
eddy diffusivity. They concluded that heat trans-
fer and skin friction showed relatively good re-
sults in comparison with experimental data and
the heat transfer enhancement in the vicinity of
the wall was due to the spanwise attachment of
the vortices as they developed in the streamwise
direction. Yang and Lee (2000) performed a nu-
merical simulation of the common-flow-down
induced by vortex generators. They observed that
their results showed good agreement with the
experiment of Pauley and Eaton (1988) and the
computations of Kim et al.(1996). Lee and Kim
(2004a and 2004b) studied the vortex flow char-
acteristics of a sharp-edged delta wing at high
angles of attack and concluded that an increase in
the free stream velocity resulted in stronger lead-
ing edge vortices with an outboard movement and
their computations provided qualitatively reason-
able predictions of vertical flow characteristics,
compared with past wind tunnel measurement.
As mentioned above, a better understanding of
the heat transfer and flow field characteristics in
a turbulent boundary layer with longitudinal vor-

tices is very important in engineering designs,
such as heat exchangers, mixing devices and con-
trollers of separation flow. In the present study,
the flow field behind vortex generators is modeled
by the information obtained from studies on a
delta wing. Three-dimensional Reynolds Navier-
Stokes equations and a two-layer k-¢ turbulent
model are also used to analyze the vortices oc-
curring behind the vortex generators. The numer-
ical results obtained from the present study are
compared with those of the experiment of Pauley
and Eaton (1998).

2. Numerical Analysis

2.1 Governing equation

Three-dimensional unsteady, incompressible
viscous flow can be defined as
Continuity equation
8ui _
ox; =0 (1>
Momentum equation
dou: | dpuiu; 0p_, 0t
= — 2
ot "o o om @

Incompressible Navier-Stokes equations have the
characteristics of an elliptic partial differential
equation. However, if a pseudo-compressibility
method is applied to solve the incompressible N-
S equations, the system of equations given above
can be solved efficiently because they can be given
to a hyperbolic governing equation. This is simi-
lar to the case in which the steady, incompressible
N-S equation is used for the compressible flow
{Kwak et al., 1986).

Although the coordinate system in the present
study is expressed in the cartesian coordinate sys-
tem, the governing Eqs. (1) and (2) are defined
in the generalized coordinate system to apply to
complex geometries. The governing Egs. (1) and
(2), which employ the Boussinesq assumption
and pseudo-compressibility, are made dimension-
less and then transformed into the generalized
coordinate system as follows:
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where B and J are pseudo-compressibility para-
meter and Jacobian of the transformation, re-
spectively, U; means covariant velocity (&) xz—+
(&) v+ (&) zW and &; indicates &, 7 and ¢ for
=1, 2, 3.

2.2 Numerical methodology
The Crank-Nicolson method is used to obtain
the secondary accuracy for time as follows :

aDn+1
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+
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The above equation can be linearized and sum-
marized as
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Then, after applying the AF algorithm, Eq. (8) is
summarized and interpreted as
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To ensure the stability of the numerical algo-
rithm, a fourth-order artificial viscous term is
applied in the residual terms, and the secondary
or fourth-order artificial viscous term is applied
1988).
Finally, the solutions to Eq. (9) can be obtained

in the implicit smoothing (Chang et al.,
by applying the ADI algorithm.

2.3 Turbulence model

A two-layer turbulence model consisting of an
inner layer and an outer layer is adopted : A one-
equation model is used for the inner layer, and the
standard £—e& model is used for the outer layer.
The one-equation model used for the inner layer
needs only the solution of turbulent kinetic ener-
gy. In the inner layer, the eddy viscosity v, is
equal to Cuy'k [, and the dissipation ratio of
turbulent kinetic energy ¢ is equal to k%/le. As
shown below, the length scales, /e and /., are used
in the
near-wall according to the turbulence Reynolds

number <Ry=/797%>.

to give a damping effect necessary

ly=Czy[1—exp<—%>} (10)
le=Cwy [1—exp<—fgl>] (11)

34 for a smooth-

eddy viscosity distribution at the intersection of

The constant C, is given as #Cyx

the inner layer and the outer layer, where « is
the von Karman constant. This two-layer model
can be used in flow separation because the char-
acteristic velocity near the wall is provided by
turbulent kinetic energy rather than wall shear
stress. Also, it does not require any boundary
conditions for the calculation of the dissipation
ratio.
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2.4 [Initial and boundary conditions

According to Phillips and Graham (1984), the
velocity in the streamwise direction behind the
vortex generator represents a Gaussian distribu-
tion, and the velocity in the circumferential direc-
tion appears as a Rankine vortex and the image of
the Rankine vortex. Under these assumptions, the
flow field in the streamwise direction and the
velocity field in the circumferential direction are
respectively defined as

U(r) =1=(AU) maxexp { —In 2(%)2} (12)

(Vg)crL for <7,
Vo= ¢ (13)

(Ve)c% for » > 7,

Where (AU)max is the maximum axial velocity
defect, ( Vs) ¢ is the maximum circumferential ve-
locity, 7. is the half-radius of the vortex and C
is the chord length of the vortex generator, i.e.,
(AU) max=1.0, (V5) c=0.501 U, and 7.=0.018C.

When the vortices with the above velocity dis-
tribution are introduced into boundary layers,
there arises a transverse velocity component par-
allel to the wall, and the component is not zero at
the wall. Therefore, the inner leg of Johnston’s
triangular plot for calculating cross flow in three-
dimensional boundary layers is used to represent
the cross directional velocity component (Johnston,
1960) . Similar to the velocity in the streamwise
direction, the turbulent kinetic energy and the
eddy viscosity are respectively assumed to be a
Gaussian distribution as shown below (Kim and

Flow

(a) Angle of attack of a vortex generator

(b) Layout of common-flow-down

Patel, 1994).

k(r)=kmaxexp{—ln2<%c>2} (14)

Vt(?’):VmaxCXp{_]n2<I‘>2} (15)
Ye

where Amax and vmax are given as 0.005U2 and
100y, respectively.

The position of the vortex core is determined by
referring to the @/ ratio of the delta-wing vor-
tex generator and to a study of Lowson (1989),
which examined the position and form of the vor-
tices by visualizing them. The Y and Z positions
of the vortex center are 0.24C and 0.48C in the
case of common-flow-down and 0.24C and 0.32
C in the case of common-flow-up, respectively.
The half-delta wing vortex generators and the
installed shape of them used in the experiment
of Pauley and Eaton (1988) are shown in Fig. 1.
The vortex generators have a chord length (C) of
5 cm, semi-span (b) of 2 cm at an angle of attack
(@) of 18°. The Reynolds number based on the
chord length of the half-delta wing is 55000. The
working fluid is air and the freestream velocity is
U.=16 m/s. Fig. 2(a) shows the physical region.
Fig. 2(b) illustrates the computation domain and
the boundary conditions. For the computations of
the flow field, the symmetric conditions are used
for the left, right, and top faces, and the Neuman
conditions for the downstream region. The inlet
conditions use Eqs. (12) ~ (15). The no-slip con-
ditions are used in the wall, and the turbulent
kinetic energy in the wall (k) is zero.

{c) Layout of common-flow-up

Fig. 1 Schematic of vortex generators
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Fig. 2 Solution domain and boundary conditions

For X, Y, and Z, the computational grid point
is selected as 47 X65X 57 in the case of common-—
flow-down and 47X 80X 57 in the case of com-
mon-flow-up, respectively.

3. Results and Discussion

3.1 Common-Flow-Down

Contours of the secondary velocity vector and
streamwise velocity obtained from the computa-
tions are compared with those from the experi-
ment of Pauley and Eaton (1988) at four axial
locations in Figs. 3 and 4. It is clear that the
general features of the experimental data are re-
produced in the present results, although the ve-
locity deficit at the vortex core is not resolved
very well.

Fig. 3 shows the secondary velocity vectors at

(a) Experiment (Pauley and Eaton, 1988)

four planes downstream of the vortex generator
(X =66, 97, 142 and 188 cm). As can be seen in
Fig. 3, the secondary velocity vectors obtained
from the computations represents generally well
those from the experiment. The downwash flow
toward the wall is observed between vortices, and
the upwash flow away from the wall is found in
the outside region of the vortices. As the vortices
develop downstream, the magnitude of their ve-
locity vectors decreases and the interval between
them increases. This results in conservation of
angular momentum and turbulence diffusion. The
shape of the vortices reveals an ellipse expanded
in the spanwise direction (Z direction). This is
because the turbulence diffusion proceeds more
rapidly in the numerical analysis than in the
experimental data.

It can be seen from Fig. 4 that in the streamwise

Y (cm)

1o > oy

Z (cm)

(b) Present result

Fig. 3 Secondary velocity vectors for common-flow-down at X =66, 97, 142, 188 cm
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velocity contours the interaction of vortices has
an immense influence on the change of the bound-
ary layer thickness. The vortices impose a signifi-
cant lateral divergence (W /3Z) in the central
region. As a consequence, the boundary layer in
the downwash region between the vortices is
thinned quite, while the boundary layer is thick-
ened markedly in the upwash region where the
vortex sweeps low momentum fluid away from
the wall. As the secondary velocities decay and
the vortices spread apart, the lateral divergence
decreases and the boundary layer grows. The
streamwise velocity contours indicate a significant
streamwise velocity deficit in the central region of
the vortex. The velocity deficit decreases as the
flow develops downstream.

Fig. 5 indicates that turbulent kinetic energy
obtained from the present results is compared
with that from the experiment at X =97 cm. The
high level of turbulent kinetic energy can be ob-
served near the wall. This energy is diffused by
the primary vortex from the wall to the outer flow

(a) Experiment (Pauley and Eaton, 1988)

region. In addition, the strong turbulent energy
is formed in the center of the vortex core while
the weak turbulent energy is formed away from
the wall to the upwash region. The predicted tur-
bulent energy within the vortex core is lower
than that obtained from the experiment. This
difference can occur because there are not suffi-
cient grid points in the vortex core to capture
the rapid changes occurring there. Another reason
is that the standard 2—¢& model is intrinsically
based on the isotropic concept. However, the pre-
dicted turbulent energy shows good agreement
with that of the experimental data in the region of
the near-wall and far away from the wall.

Fig. 6 represents the Reynolds stress —uv in
the Z direction at X =97 cm. The high Reynolds
shear stress appears at the top of the vortex, and
a region of the Reynolds shear stress with a nega-
tive sign appears across the vortex core. A large
region of negative shear stress is associated with
the region of reversed velocity gradient. The
present results represent the trends similar to

SR o
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(b) Present result

Fig. 4 Streamwise velocity contours for common-flow-down at X =66, 97, 142, 188 cm
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Fig. 5 Turbulent kinetic energy for common-flow-down at X=97 cm
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Fig. 6 Reynolds shear stress for common-flow-down at X =97 cm
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Fig. 7 Comparison of spanmwise components of
skin friction for common-flow-down at X =
97 cm

those observed in the experimental results of
Pauley and Eaton (1988) except the region of the
vortex core. Therefore, these similar trends give
support to the two-layer £—¢&.model insofar as
longitudinal vortices are concerned.

As can be seen in Fig. 7, there is good agree-
ment between the computations and the experi-
mental data for the spawise distribution of the
streamwise friction coefficients. The region be-
tween the vortices thins the boundary layer and
leads to higher friction coefficient there. The
upwash region where the low momentum fluid is
lifted by the vortex shows lower fiction coeffi-
cient. The maximum value of the friction coeffi-
cient obtained from the computations is predicted
higher than that from the experiment by about
4%. The minimum value of the friction coefficient
obtained from the computations is predicted low-
er than that from the experiment by about 1%.

32 Common-Flow-Up
Contours of the secondary velocity vector and

streamwise velocity obtained from the computa-
tion are compared with the experimental data
of Pauley and Eaton (1988) at three axial loca-
tions (X =66, 97 and 142 cm) in Figs. 8 and 9. It
is clear that the general features of the present
results are reproduced well in the experimental
data. Fig. 8 illustrates the secondary velocity vec-
tor in the streamwise direction of common-flow-
up. The upwash flow occurs in the central region
(Z=0cm), and the downwash flow occurs out-
side the center. As the vortices move in the down-
stream region, the magnitude of the velocity vec-
tors decreases. However, unlike common-flow-
down, the distance between the vortices does not
change and the lifting of the vortices from the
wall increases conspicuously as the flow pro-
gresses downstream. This lifting of the vortices is
due to the influences of the image vortices exis-
ting below the solid wall. These image vortices
tend to move the vortices located at the upper part
of the wall to the central region (Z=0cm). As
the vortices move downstream, they are convected
from the wall by the strong interaction between
the vortices that move to the central region. As a
result, the vortices move up from the wall. As in
common-flow-down, the shape of vortices be-
comes an ellipse in the vertical direction (Y
direction).

Fig. 9 shows the streamwise velocity contours.
The outer region of the constant velocity distri-
bution in the streamwise direction means the free-
stream velocity. As the spanwise velocity gra-
dient (3V/3Y) in the Y direction increases, the
boundary layer is thickened in the upwash re-
gion and thinned in the downwash region. This
phenomenon occurs when the primary vortex
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Fig. 9 Streamwise velocity contours for common-flow-up at X =66, 97, 142 cm

moves low momentum fluid from the downwash
region to the upwash region. Serious distortion
of the boundary layer is observed in the region
between the vortices. This phenomenon intensifies
as the vortices move further downstream.

Fig. 10 represents turbulent kinetic energy at
X=97 cm. The present results of turbulent kine-
tic energy show the trends similar to those ob-
served in the experiment. The high level of turbu-
lent kinetic energy appears near the wall. This
energy is diffused by the primary vortex from the
wall toward the outer flow. As in the case of
common-flow-down, the strong turbulent energy

forms in the center of the vortex, and the weak
turbulent energy forms away from the wall to
the upwash region. Although the predicted value
in the vortex core is predicted lower than the
experimental value, the overall trends are found
to be reasonably similar to those obtained from
the experimental results of Pauley and Eaton.
The distribution of the Reynolds shear stress
—uv in the Z direction at X =97 cm is shown
in Fig. 11. As can be seen in Fig. 11, unlike com-
mon-flow-down, the distribution of this stress is
considerably distorted by the strong interactions
between the vortices. There is a region of the high
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Fig. 11 Reynolds shear stress for common-flow-up at X =97 cm

shear stress extending up through the upwash
and a large region of the negative shear stress
which is associated with the region of reversed
velocity gradient. The computational results at all
positions except the vortex core show very good
agreement with those of the experimental data.
The profile of the streamwise friction coeffi-
cients along the spanwise direction at X =97 cm
is shown in Fig. 12. Unlike common-flow-down,
the effect of the vortices is seen only near the
center zone (Z=0cm). The change in the strem-
wise friction coefficient is smaller than that in
common-flow-down since the common-flow-up
disturbs the boundary layer much less than the
common-flow-up. The maximum value of the
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Fig. 12 Comparison of spanwise components of skin

friction for common-flow-up at X=97 cm

friction coefficient obtained from the computa-
tion is predicted lower than that from the experi-
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ment by about 7%.
4. Conclusions

In order to analyze the flow field induced by
the vortex generators, the Reynolds-averaged
Naiver Stokes equations for three-dimensional
turbulent flows, together with a two-layer turbu-
lence model to solve the near-wall flow, are solve
by the AF-ADI algorithm. The following con-
clusions are made from numerical analysis. The
boundary layer is thinned in the region where the
secondary flow is directed toward the wall and
thickened where it is directed away from the wall.
In the case of common-flow-down, the interac-
tion between the vortices becomes very weak
but the interaction between the vortices and the
boundary layer becomes very strong. On the other
hand, in the case of common-flow-up, the inter-
action between the vortices becomes very strong
but the interaction between the vortices and the
boundary layer becomes very weak. In all the
cases of both common-flow-down and common-
flow-up, the strong turbulent energy is formed
in the center of the vortex core while the weak
turbulent energy is formed away from the wall
to the upwash region. Also, the high Reynolds
shear stress appears at the top of the vortex and
a region of the Reynolds stress with a negative
sign appears across the vortex core. In compari-
son with the experiment of Pauley and Eaton
(1988), although some discrepancies are observ-
ed near the center of the vortex core, the overall
performance of the present numerical analysis is
found to be satisfactory. Therefore, the numerical
scheme suggested may be used as a useful method
for studies on the vortices in three-dimensional
turbulent flows.
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