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PREDICTION OF THE TURBULENT NEAR WAKE
OF AIRFOIL SECTIONS
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This paper presents a numerical prediction to the wake flow after airfoil
sections using a finite difference program. Two turbulence models (k-& model
0012 and NACA 2415) were tested at different angles of attack and different

calculation procedures. Since it is a region of relaxation from wall-dommated
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turbulent boundary layers to a single equilibrium shear layer (the asymptotic or
far wake) at large distance from the trailing edge. Almost all turbulence
models evolved from the extensive data bases in boundary layers and fully free
shear flows such as wakes and jets. The near wake, being the region of |
adjustment between two extreme states, therefore offers an independent test of |
the generality of turbulence models. The prediction of the near wake flows is
of considerable practical interest because the near wake participates in the |
viscous~inviscid interaction near the trailing edge of the airfoil.

The k-£ model has been shown to simulate well the near field of symmetric
wikes behind thin plates [1, 2], Patel and Scheuerer [2] have applied the &-£ |
model to the calculation of the asymmetric wakes past the trailing edge of flat
plates with one smooth and one rough wall. The calculated velocity and shear
stress profiles at various distances from the trailing edge are compared with
those studied experimentally by Ramaprian et al [3]. The velocity profiles are
predicted well by the model. The shear stress profiles are also in reasonable
agreement with the data in the near field, but deteriorates further downstream
where the shear stress level is underpredicted and the profiles become
symmetnrical faster than in the experiment. [t is noteworthy that the initial shear |
stress peak on the smooth-wall side is reproduced well by the model. In the
far field, the model predicts low shear stress level which is consistent with the |
observation that the standard k-£ model underpredicles the asymptotic
spreading rate of plane wakes [3, 4). '

A viscous-invescid algorithm is developed by Baker ct al. [5] for the

prediction of two-dimensional mean and fluctuating velocity distributions in
the wake immediately downstream of the trailing edge of airfoil NACA 63-
012. They defined a composite pressure field and a Poisson equation is solved
for transverse pressure distributions. A parabolized form of the time- averaged
steady Navier-Stockes eguations is solved in conjunction with a viscous-
augmented, two-dimensional potential flow analysis. They applied a tensor
constitutive equation to predict Reynolds stress distmbutions from solutions of
turbulent kinetic energy two equation closure model. The algorithm is equally
applicable to nonseparated wake flow predictions at nonzero angle of attack.
They compared the experimental and the predicted profiles in the wake at zero
angle of attack. Their comparison was confined t0 a very narrow region
between 0 and 0.1 chord length behund the airfoil.

Horstman [6] used the low-Reynolds-number version of the k-e model to
predict successfully the asymmetric wake behind the trailing edge of an airfoil,
involving a small separation region. The calculation were carried out with an
elliptic solution procedure. The resulting profiles of mean velocity, shear
stress and turbulent kinetic energy agree fairly well with the measurements.
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Launder et al [1] calculated the axisymmetnc wake measured by Denutnades
[7] using vanous turbulence models which are: one equation model, mixing
length hypothesis, standard k-¢ model and modified k-e model with C;
function of (P/e) [4]. The resuiting development of the center-line velocity
were compared with the experimental data [7]. When they used Cj,
function, given by Rodi [4], the data were well simulated It should be
mentioned here that the mixing length and one-equation model were seen to
fail dramatically in this case.

Voutsinas et al (8] has used an approach which can be termed as mulh-
parametnc wake modeling. They has coupled a linear vortex model with a k-&
viscous model to analyze the charactenstics of the near wake region of a rotor.
The far field profiles are then obtained through matching across the inlet plane
of the far wake region selected at an axial distance of approximately 3-4
rotor diameters. The use of a vortex method for the evaluation of the velocity
profiles, just downstream the rotor, gives an account of the effect of the rotor
geometry. As a result, the far wake self-similar velocity profiles are no longer
depending on only one parameter, i.e. the mitial deficit. Instead they depend
on the circulation distnibution defined by means of the vortex model

Suryavamshi et al [9] investigated the prediction of the flow field including
wakes and mixing in axial flow compressor rotors. The wake behavior in a
moderately loaded compressor rotor has been studied numencally using a
three-dimensional incompressible Navier-Stokes solver with a high Reynolds
number form of the k-e turbulence model. The equations are solved using a
time-dependent implicit techmique. The agreement between the measured data
and the predictions is good, including the blade boundary layer mean velocity
profiles, the near and far wake profiles and its decay charactenstics. An
analysis of the passage -averaged velocities and the pressure coefficients
shows that the mixing in the downstream regions away from the hub and
annulus walls is dominated by wake diffusion. In regions away from the walls,
the radial mixing 15 predominantly caused by the transport of mass,
momentum and energy by the radial component of velocity in the wake.

Agoropoulos and Squire [10] nvestigated the interaction between turbulent
wakes and boundary layers by two models. They applied the Algebraic Stress
Model (4ASA) and an improved version of the k-£ model to predict five cases
of two-dimensional turbulent wakes muxing with boundary layers. They
compared the predicted profiles with their measurements. They found that the
ASM predicts the mean velocity U more accurately than the k-& model.



Relaxation Time Model (RTM) introduced by Mohamed [11). The RTM
represents a new modification to the standard k- £ that simulates the jet flow in
stagnant swrounding. The Relaxation Time Model recommends the use of the
"Eddy Relaxation” effect which has the same "Eddy Viscosity" assumption
with C, constant in the transverse direction, but Cy, adjusted at each
downstream station by the local flow parameters.

2.GOVERNING EQUATIONS:

The mean flow field 1s governed by the connnuity and stream wise momentum
equations. Assuming the mean flow to be steady, plane, two dimensional and
ncompressible flow; the thin shear-flow equations can describe this flow,
These equations apply:
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compared to the other terms in equation (2). Equation (2) n this case takes the
form:
W, W P
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where the shear stress 7, = W, 5 + () is the sum of two terms, the
viscous and turbulent stresses. The latter uv normally called the Reynolds
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shear stress, represents the rate of transport of x-romentum in the y-direction
produced mn the flow as a result of turbulent eddy motion. The purpose of a
"turbulent model" is to determine the level of this important correlation.

The standard k-& model [12] calculates the shear stress with the eddy viscosity
hypothesis in the following way:

E
w o=y, %E— where v, =~ C. oo (4)

where k is the turbulent kinetic energy, € is its dissipation rate and Cy; is an
empincal constant. The local values of k and e are determined from transport
equations, which have the form:
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the term P, is the production term of k and 1s given by
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The second (underlined) term in equation (7), which involves the irrotaional
strain rate 30//ax, is neglected. For the empirical constants the values C, =
0.09, Cgy=144,Cgy=192 6,=10and o, = 1.3 given for instance by Rodi
[4] have been adopted.

The standard k-& model employs the assumption that C, is comstant that
produces fairly good results for relatively simple flows in which only one
Reynolds stress component is of importance in the momentum equation.
However, Rodi [4] showed that C, cannot ever be considered constant in all
simple shear flows. The standard k-s(employing the eddy viscosity concept
with a constant C,, ) lacks the universality required for shear flows because of
the inadequate representation in this model of the convective and diffusive
transport of uv.

The Relaxation Time Model uses the Prandtl-Kolmogorov relation between
shear and strain:
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but with changing C,, with the local flow parameters. This produces a
variation of C,, n the axial direction but not in the radial direction. This is

desirable hemc 1s reasonably constant across free shear layers. In RTM,
C, takes the form:

C. = C. !t + p(consiam)] )

where [3 is the relaxation time coefficient which was found to be 1.2 for jet
flows, and

Equations (1), (3), (5) and (6) represent the governing equation to this flow.
The above set of equations is parabolic. A numerical solution to this set is

The solution steps start by making a forward step. Upstream information is
used to adjust the expansion of the domain over the next forward step based
on an approximate balance of momentum over the cell adjacent to the free
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boundary. The V-velocity is obtaned by solving the continuity equation. The
coefficients and sources of the U-momentum equation, the turbulent kinetic
energy k and its dissipation € cquation are calculated using upstream
conditions. The boundary conditions are incorporated into the coefficients and
finally the equations are solved At this stage, the available upstream
condihons are already used. Then the Reynolds stress can be obtained using
the Boussinesq viscosity concept. The calculated downstream values for U, V,
k and € can be stored as upstream information for the next step. If in-step
iterations are required, the procedure would be repeated from the calculanon
of the coefficients and sources of the governing equations, until a converged
state has been obtained. For the next forward step, the solution must be started
from the beginning.

The imtial conditions needed in the prediction procedure were prescribed from
the expenmental measurements carmed out by Mohamed et al [14] at x/¢=
0.02 for both airfoil sections NACA 0012 and NACA 2415. The mean and

fluctuating longitudinal wvelocity components (U and E] were available in the
measurements. The turbulent kinetic energy k was considered equal to

[* = 3f2( EJ] since ;’ =y = ; The dissipation rate & was obtained
from the approximate expression relating the dissipation rate to the turbulent
kinetic energy and the mixing length / given in the k-¢[12] as e = k%r’c,’:‘f ;

The mixing length / for wake flow is equal to (0.5 ) where & is the upper or
lower boundary layer thickness of the wake.

For the boundary conditions, we need to prescribe the values of U, k and &
along the upper and lower edges of the wake. In the present investigation, the
external velocity U at the upper and lower boundary is kept constant with x
and equal to the free stream velocity. The turbulent kinetic energy k and its
dissipation rate ¢ in the external flow are remained as prescribed initially. The
mitial distribution of the transverse velocity V i1s zero at all the nodes and the
V-field can be obtained from the U-field and the continuity equation.

The grid for the finite difference scheme has got N number of nodes that
divides the flow width into (N-2) control volumes. The node positions are at
fixed value of (y/8) where 5 is the wake width. The space between the nodes
increases with the increase of the shear layer thickness as the flow advances
downstream. At all the stations, the first and last nodes lie on the lower and
upper boundaries respectively. The gnd is not umform but becomes more
dense in the regions where the flow vanables change rapidly n the y-direction
. Thirty nodes are needed in each test run, fifteen nodes in each boundary layer
of the wake. The number of iterations required in each step is specified by
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preliminary test. The tests show that ten iterations are large enough to make a
converging solution.

4.RESULTS:

Compansons between the measured and predicted wake profiles in the near
wake region of awmrfoil secnons (NACA 0012 and NACA 2415) are made to
check the validity of the RTM for this flow. The same constants used in jet
flow [11] were employed in the present work. Figure (1) represents the
companison berween the measured [14] and predicted longinudinal mean
velocity U profiles that were predicted by both oniginal 4-£ model and RTM
model for NACA 0012 at free stream velocity U = 10, 30 and 50 (m/s) at an
angle of attack = 0° Figure (2) represents the companson between the
measured and predicted longitudinal fluctuating velocity 3, that was predicted
by the two models for NACA 0012 at the same free stream velocities. Figure
{3), also, represents a comparison berween the measured and predicted shear
stress uv profiles at the same conditions. Both models predicted correctly the
mean velogity profiles, but RTM predicted slightly lower center-line velocities
specially at the rwo downstream distances (x/c = 0.2 and 1.8). While nt
predicts higher center-line velocities after x/c= 2.0, as shown in figure(4-b).
Both models predicted lower center-line velocity than the exppenmental
results. The Relaxation Time Model also predicted hgher values of
longtudinal fluctuating wvelocities than standard k-£ model. The values
predicted by the RTM agrees much better with the expperimental results than
standard k-& model specially after x/c = 2.0, as shown in figure (4-c). The
predicted shear siress values by RTAM at all stations are over estimated.
Oniginal k-£model predicted reasonable values of shear stress (figure 4-d).

The reason of the above behaviour of the Relexation Time Model may be
explained by examining the eddy wiscosity coefficieat €y employed in this
model. Figure (3) shows the variation of Cy with the downstream distance,
The model uses different values of C; according to local flow parameters
the downstream direction while being kept constant in the transverse one. At
the beginning higher values of 'y were predicted because of the higher values
of the shear stress, then it gradually decreases until it reaches C = 0.09 at x/c
= 5.0 and stays constant along the downstream distance. [mreasingcpcauses
the increase of turbulent kinetic energy and consequeatly increasing the shear
stress at theses stations.

In order to indicate the effect of increasing Reynolds Number R, on the flow
development, three velocitiss were employed U =10, 30, and 50 (m/s) that
comresponds to R, =6.66 x 10*, 2.0 x 10° and 3.33 x 10° respectively. Figure
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(6) shows the iso-contours for the velocity distnbutions that shows the
development of the wake half-width wrth the downstream distance as well.
The figure indictes that increasing the R, reduces the wake half-width and that
the wake elongates as R, increases, which agrees with exppenimental results.

Due to the unusual behaviour of the airfoil, particularly in the low angle of
attack, four angle of attacks (a =09, 2°, 4° and -2°) were investigated in an
attempt to test the wake. Figure (7)shows the iso-contours for the velocity
distnbution in the wake for airfoil NACA 0012 at the above angles of attack
and at free stream velocity U = 30 (m/s). It represents the effect of increasing
the angle of artack on the development of wake half-width Y, with the
downstream distance x. The figure indicates that the wake haif-width increases
with the increase of angle of attack. The faster separation that occurs as the
angle of artack increases, causes wider wake-half width Y. It also indicates
that the wake disappears much faster as the angle of artack o increases.

One of the interesting and important 1ssues that anse in the discussion of wake
development 1s concemed with the downstream distance from the trailing edge
beyond which the wake can be regarded as having reached an asymptotic
state. Associated with this issue the labeling of the wake as "near wake" and
“far wake". Intuitively, the wake can be said to have reached an asymptotic
far-wake state if all flow properties, both mean and turbulent, attain universal
distnbutions independent of trailing edge conditions. Figure (8) shows that
longitudinal mean velocity, longiudinal fluctuating velocity and shear stress
profiles become self-similar after x/c = 7.0. It was therefore concluded that the
region x/c< 7.0 could be regarded as "near wake" and the rest as "far wake".

Figure (9) indicates the response surface ﬁ:ﬂ* the predicted longitudinal mean
velocity U, longitudinal fluctuating velocity 3;* and shear stress uv by RTM for
arrfoil section NACA 0012 at free stream velocity U = 50 (m/s) and angle of
attack 2° The figure shows the development of the above values with the
downstream distance.

similar results were obtained for the airfoil section NACA 2415, but they are
not shown here because of the limited space.

5. DISCUSSION:

The models that use the eddy viscosity concept with constant eddy viscosity
coefficient C, can predict consistent results for mixing layers and for plane jet
as well as wall boundary layers, but the round jet and particularly the near
wake requires different wvalue. The new model (RTM) suggested the
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employment of a medificd eddy viscosity coefficient (7, that vanes with the

local flow parameters in the downstream direction while being kept constant in
the transverse oné

In the asymptotic wake, the ratio of the production to dissipation of kinetic
energy drops to considerably below uruty if C,, is taken constant and equal
to 0.09 In order to improve the predictions, Pf:adj (4] introduced an empirical
correction that makes the coefficients Cyand Cg, functions in the center-
line velocity. According to these functons, the overall production of k differs
significantly from the dissipation and the coefficient C, was found to differ
from 0.09. Therefore, Rodi [4] proposed to make Cy asa function of the
average value of (P/e) across the free shear layer, that is of practical
importance in the improvement of the sumulation of axisymmetnc wakes

Launder et al [1] found that, the average ratio of production to dissipation of
the Kineuc energy, £/ is only about 0.15, so that the value C,= 0.09
determined from the local equilibnum shear layers (where P/ =1), gives rather
poor results. When the C,, function, given by Rodi [4], is used instead, the
wake flows were well si ed.

Agoropoulos and Squire [10] found that along the centerline of the wake,
where the difference between production and dissipaton of & is large and
wcreases under flow deceleration, the ASM predicts the mean veloeity U more
accurately than the k-smodel. They attributed this to C, because whereas C,
is constant for k-g the same parameter effectively becomes a function of P
and £ under the A4S\

From the above results, it i1s possible to dentify the vanous stages in
development of the wake of arfoil sections as follows:

The asymptotic state (far wake) is reached at quit large distances (x/c> 7.0)
from the trailing edge. Beyond this distance, the turbulent structure becomes
independent of the inihal conditions and the growth rates are well predicted by
classical far-wake analysis and simple turbulent models as k-£and Relaxation
Time Model (RTM). In that region, the eddy viscosity coefficient (,=Cy =
09 that means no change in the predicted mean velocity profiles and spreading
rate because the original k-& responds correctly in this region.

The region between the trailing edge and the beginning of the asymptotic state
may be called the "near wake." This region can be further divided into two
regions.
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The first region, called the "developing wake", is characterized by
development of an inner wake and is the region influenced by the wall layer of
the imitial boundary layers. The rates of growth of (Y ;5/c) and (Upy,,/U) in this
region are large compared wath the asymptotic growth rates. The developing
wake extends from the trailing edge to (x/c = 2.0). The flow in the immediate
neighborhood of the trailing edge 15 also influenced by the geometry and the
thickness of the trailing edge of the airfoil section. In this region, the RTAM
produces a desired increase in C 1 @nd thus an increase of the spreading rate of
the wake, a region in which the onginal &-¢£1s known to perform badly and
predicts slower spreading rates. The increase in C, increases the shear stress
and the turbulent kinetic energy

The next region (2.0<x/c<7.0) of the near wake may be called the
“ntermediate wake." In this region, influence of the upstream wall layers
becomes insignificant and the wake evolves as a free turbulent flow. Local
"sunilarity” of the mean-velocity profiles is observed in this region. The
intermediate wake is also characterized by lower increase in Cu, therefore the
RTM predicted slower rates of growth of the wake width and slower decay of
the centerline defected wvelocity than occur either in the developing wake
region (x/c < 2.0) or 1n the far wake region (x/c> 7.0).

In physical terms, the three zones of wake development may be described by
the level of muxing between the two individual boundary layers at the trailing
edge. The inner layer of the near wake is the region of small-scale mixing
between the upstream wall layers. In this region, mixing is confined to the
inner wake, the outer velocity defect layers remaining practically unchanged.
The imermediate wake is the region over which mixing occurs between the
outer layers. The asymptotic state is reached when this mixing 15 completed,
where all memory of the boundary layers on the body is then destroyed
(forgotten). The dynamics of the large-scale mbxang that determines evolution
of the near wake into the asymptotic far wake have to be well understood in
order to predict the flow in this region with reasonable accuracy. The large-
scale mixing in the intermediate zone of the wake has not been studied and
would be worthy of future investigations.

6.CONCLUSIONS:

The (RTM) inodel predicted correctly the wake flow after the airfoil sections
with a realistic behavior even in such details as mean velocity profiles,
turbuient kinetic energy profiles and shear stress profiles in both near wake
region and the self-preserving region. It can be seen that the predicted
minimum velocities are slightly lower and the width of the wake is slightly
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higher than the expenimental values. Also, it may be seen that the fluctuating
velocity and the shear stress profiles are slightly higher than the experimental
values. However, considening the uncertainties invoived in the measurement of
mean velocities, fluctuating velocity and shear stress in a highly turbulent flow
with a hot-wire, the agreement between the two results can be considered as
very satisfactory overall. Tae results suggest that the "near wake" region of
airfoil sections ends at x/c = 7.0 and consists of two internal regions. These
regions are the “developing wake" (x/c = 2.0) and the "intermediate wake"
(2.0<x/c<7.0). The rest of the wake is the “far wake" region where seif-

TNOMENCLATURE:

¢ Cord length of airfoil.

C,,C,  Hot wire lineanzer constants.

Cer, Cgz  Constants in the k-¢ model.

Cy Eddy viscosity cocfficient,

"ol Modified eddy viscosity coefficient.

k Turbulent kinetic energy.

I Mixing length.

B, Production term in the k transport equation.
Reynolds number (R, =<U/u),
Diffusion term in k transport equation and £ transpornt
equation respectively.
Longitudinal turbulence fluctuation component.
External mean velocity.

Mimimum longitudinal mean velocity.

Excess velocity (U, =U,-U_.).
Reynolds shear stress.

Maxamum Reynolds shear stress.

Longitudinal and transverse dimensional co-ordinates.
Nondimensional distance along chord.

Wake half-width.

Turbulent eddy viscosity.

Shear stress.

Dissipation rate of the turbulent kinetic energy k.
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& Boundary layer thickness.
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¢) Longitudinal fluctuating velocity.  ¢) Reynolds shear stress.
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Figure (£) Predicted wake devinpement with the downstrenm

distance for i foil section NACA 0012 at angle of attack Qe= 0.
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Figune (7) Predicied wake developement with the dovnstream
distance for NACA 0012 ot U =30 (nvs).
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Figure(8) Self-preserving conditions for NACA 0012 at U = 50 (mvs)
a) Longitudinal mean velocity,  b) Longitudinal fluctuatng velocity.
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Figure (9) Response surface for the predicted wake characteristics

for aurfoil section NACA 0012 at U = 50 (m/s) and angle of amack =2 .
a) longuudinal mean velocty.

b) longitudinal fluctuating velocity.
c) shear stress




