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Introduction

HE prediction of turbulent unsteady separated flows around

airfoils is currently a priority in the domain of aeronautics.
There are numerous studies in this domain, but the accurate predic-
tion of the flow structure and aerodynamic parameters, especially
near stall conditions, remain open questions, and considerable ef-
forts have to be made to suggest an efficient way to resolve this
problem. The majority of the studies devoted to the problem use
different classes of turbulence models employing the steady Rey-
nolds-averaged equations. A widely used turbulence model in the
context of the eddy-viscosity concept is the two-equation model
(Launder and Spalding!) and its various versions (Jones and
Launder and Chien® among others). However, this kind of model
was originally conceived for free shear flows and then adapted for
boundary-layer flows. It is not evident whether this model may be
directly applicable in the elliptic flows around airfoils, as often dis-
crepencies in the flow parameters appear when comparing with the
physical experiments (see numerous papers reported in Ref. 4).
One of the well-known reasons is that the various applications of
the k-&¢ model provide generally too high a level of the eddy vis-
cosity and of the turbulent kinetic energy production.

In this study, we simulate the turbulent incompressible flow
around an airfoil NACA 0012 at a Reynolds number range of 1(°,
by an unsteady approach, using the phase-averaging decomposi-
tion (Hussain and Reynolds®), in the form suggested by the experi-
mental work of Cantwell and Coles.? This decomposition provides
the phase-averaged Navier-Stokes equations, as reported in the
works of Ha Minh et al.,” Chassaing,® Braza and Nogués,’ and
Franke and Rodi,!° among others. Furthermore, we introduce the
unsteady vorticity into the production term of turbulent energy to
improve the behavior of the two-equation model with respect to
the physics of the flow.

Turbulence Model

The phase-averaged continuity and momentum equations for an
incompressible fluid in a fully elliptic form are
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The turbulence energy & and its dissipation rate € are solved by the
following equations:
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where v, is the turbulent viscosity andf,, f;, and f; are the functions
of a low-Reynolds-number model (Patel et al.'l). The terms D, W,
and W, represent corrective terms according various near-wall
treatments.

In the standard eddy-viscosity model, the production of the tur-
bulent kinetic energy P, is related to the mean strain rate. How-
ever, in the flow around an airfoil, it can be observed that the strain
is strong in the vicinity of the leading edge, where the flow is al-
most laminar. According to the standard eddy-viscosity model, an
excessive turbulent kinetic energy, and in turn too high a turbulent
viscosity, will be produced in this region. Consequently, the sepa-
ration occurs too late, and it is even completely inhibited. This en-
hances a steady-state solution of flow. On the other hand, it is well
known that in a turbulent flow the vorticity is a key quantity on the
motion of different eddies classes. A rotational mass of fluid will
give energy to the external environment, and a part of this energy
will sustain the turbulent motions. In Ref. 9 it is indicated that in-
troducing a vorticity scale in the eddy viscosity leads to an im-
proved scaling of this quantity in wake flows with coherent struc-
tures. Furthermore, the vorticity quantity is very weak in the
region near the leading edge, except for a very thin layer close to
the wall. In the other regions of the flow, characterized by a signif-
icant turbulence level, the vorticity and strain are of the same order
of magnitude. These features are also confirmed by our numerical
studies.!? Therefore we consider introducing the local phase-aver-
aged vorticity in the generation term of the turbulent kinetic en-
ergy P, to improve the problem:

= 2V,R.R,; 0
where
R, = 1/2(an an) ®)
v ox; ox;

In this study the preceding equations are used (model II), where
the low-Reynolds-number treatment is based on Chien’s’ model.
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a) Model I b) Model II

Fig.1 Isocontours of turbulent kinetic energy.
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Fig.2 Time-dependent evolution of the lift coefficient.
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Fig. 3a Mean pressure coefficient along the airfoil.
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a) Model I

O SR R A

b) Moeodel II

Fig.5 Streamlines.

The results are compared with the standard k-€ model (model I),
with the same near-wall treatment. As is discussed in the results,
the new treatment of the turbulent energy production term leads to
a more physical distribution of the turbulent kinetic energy and es-
pecially in the region near the leading edge. The weakness of the
standard -€ model in the leading-edge region is also reported in
the work of Kato and Launder,'® where in the P, term a product of
the strain by the vorticity was suggested.

Results

The numerical tests are carried out for an incompressible flow
around a NACA 0012 airfoil at an attack angle of 12 deg and
Reynolds number of 105, The numerical method resolves the time-
dependent equations in primitive variables, in a non-orthogonal
curvilinear coordinate system, using an H-type grid of 276 x 162
nodes; 71 points are distributed on the suction side and 71 points
on the pressure side of the airfoil. A non-reflecting type boundary
condition' is employed for all transported variables at the outlet
boundary. The computations are carried out on the IBM 3090-
600VF computer of the Center National Universitaire Sud de
Calcul (CNUSC), and the computational time is provided by the
C3NI program (Centre des Compétences en Calcul Numérique In-
tensif) of CNUSC-IBM.

Figure 1 illustrates the distribution of the turbulent kinetic en-
ergy at ¢ = 35. As expected, model I shows a very high level of k,
especially in the front region, although the flow is almost laminar
there. Owing to this, the turbulent kinetic energy is remarkably dif-
fused over an extended width in the wake. Model II provides a
much lower level of the turbulent kinetic energy in the stagnation
region and a wavy variation trail in the wake region.

Let us examine now the global aerodynamic parameters, accord-
ing to both models. Figures 2a and 2b show the time-dependent
evolution of the lift coefficient for models I and II. After a tran-
sient phase, the lift coefficient reaches an established state. The
mean value is found equal to 1.11 (model I) and 1.12 (model II).
The experimental value is 1.09 (Ref. 15). Both models give satis-
factory results compared with the experiments. The mean drag co-
efficient is found to be 0.203 in the case of model I and 0.090 for
model IL. For this Reynolds number, the experimental drag coeffi-
cient was not available. We compare with the experimental result
for Reynolds number of Re = 0.76 X 10°, which gives a value of
0.045 (Ref. 16). Model I has the tendency to overpredict the drag
coefficient because of a too high level of the turbulent viscosity.
Model II reduces the drag coefficient and gives a value closer to
the physical experiment.

Figure 3a shows the mean pressure coefficient along the wall. It
is noticeable that in the case of the model I the pressure rises un-
physically in the vicinity of the leading edge. Model II gives a cor-
rect behavior and a good tendency in this area compared with the
experiment (Re = 0.76 x 10°%). Figure 3b shows the mean pressure
coefficient of a more recent calculation at a Reynolds number 0.76
x 108, with model IL It can be seen that the numerical results in
this case become closer to the experimental ones and that a good
agreement is obtained.

Figure 4 shows the mean wall vorticity on the suction side.
Model I does not indicate any separation because of a high level of
the turbulent viscosity near the leading edge. However, with model
II, it is clearly shown that separation occurs at x/c = 0.552. Hence,
this model allows the separation to be predicted. The behavior of
these models with respect to the separation is shown by means of
the streamlines (Fig. 5). Five streamlines are used for the suction
side and two for the pressure side. With model I, the first stream-
line on the suction side is coincident with the wall; no separation
appears. With model II, the first streamline leaves from the wall at
the separation point, and the formation of trailing-edge vortices is
shown.

Discussion

In the present study a new energy production term is suggested
in the two-equation turbulence model for predicting time-depen-
dent, separated flows around airfoils. With this model, the separa-
tion can be predicted, especially in a flow where the separation
point is not a priori imposed. The computational results provide
satisfactory aerodynamic parameters. Other tests are in progress,
for various configurations and Reynolds numbers.

The authors would like to note that the new scaling of the turbu-
lent energy production term is limited to the considered flows for
the moment. This modification may suggest that the turbulent
stresses could be modeled as

—(ua) = f(R) ©)
or more generally
~uu) = f(R;S,) (10)
with
S = l(a_Uf+a_Uf) an
Yoo 2\dx;  dx
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Experimental Investigation of
High-Speed Twin Jets

Gamal H. Moustafa*
Menoufia University, Shbien El-Kom, Egypt

Introduction

WIN jets have been used in many engineering applications.

Recently, the development of high-performance aircraft, in
which high-speed twin jets are used, is a subject that has received
increasing attention. Low-speed twin jets have been investigated
extensively, and sufficient data on them are available for many
practical engineering purposes.!? Most of the work has been per-
formed in incompressible turbulent jets. However, there have been
very few studies of high-speed twin jets. The acoustic and screech
phenomena of high-speed twin jets are the aim of most earlier
investigators. Miller and Comings® studied the subsonic twin jet at
only one nozzle spacing. They found that the region of subatmo-
spheric static pressure between the converging jets accounted for
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Fig. 1b Total pressure profiles of underexpanded jets.

their convergence and for the reversal of a considerable fraction of
the total flow at the centerline against a strong downstream force
of turbulent shear. The phenomenon of supersonic twin jet reso-
nance was defined and studied by Seiner et al.* The effect of noz-
zle spacing on the coupled interaction of supersonic twin jets was
examined by Wlezien> He found that, for closely spaced nozzles,
coupling occurred at low Mach numbers and was suppressed at
high Mach numbers.

The main parameters governing the flowfield of a high-speed
twin freejet are stagnation/ambient pressure ratio (py/p,) and noz-
zle spacing S. The interaction between the jet and ambient fluid
with varying these parameters just discussed is especially impor-
tant in many engineering fields. The purpose of the present investi-
gation is to study the effect of the parameters on the twin jet struc-
ture, development, and propagation. Only the mean flowfield is
highlighted in this investigation.

Experimental Apparatus and Procedure

A blowdown high-pressure supply system was used to provide
the airflow to a settling chamber. Before reaching the nozzle, air
was passed through three mesh screens set 3 c¢m apart to reduce
disturbances at the nozzle inlet. Two axisymmetric convergent
nozzles having an exit diameter d, of 4.2 mm set in a common wall
were used. The spacing between the two nozzles was chosen as 12,
16, 18, and 22 mm. The stagnation/ambient pressure ratio was var-
ied from 1.13 to 4. The Reynolds number based on d, was varied
from 4.2 X 10* to 1.3 X 10°. Measurements of total pressure were
made across the jet at several downstream locations using a pitot
tube with an inside diameter of 0.5 mm. The distance between the
nozzle centerline and the nearest wall was about 3 m so that wall
effects were negligible in the experiments. The stagnation pressure
was maintained at the desired value within an accuracy of £1.7%.
The total pressure (pitot tube reading) measured in the jet (p,) was
uniform within £0.6%. The stagnation temperature was uniform at
35 £1°C during the experiments.



