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Finite Element Simulation of Complex Jets in a Crossflow for
V/STOL Applications

Tae S. Oh* and Joseph A. Schetz}
Virginia Polytechnic Institute and State University, Blacksburg, Virginia 24061

The paper presents a prediction method for the flowfield and surface pressure distribution induced by
three-dimensional jets injected from a flat surface into a crossflow. An eddy viscosity model extended from
Prandtl’s concept has been developed to account for the curved nature of the jets with arbitrary cross-sectional
shape. The first-order influence of the fluctuating nature of the turbulent flow is reflected via axial turbulence
information. The Reynolds-averaged, Navier-Stokes equations are solved using the finite-element method, and
the penalty function method is used to discretize the pressure in a consistent manner. The eight-noded,
isoparametric finite element is used to approximate the computational domain and the field variables. The
performance of the present prediction method is verified for a single circular jet in a crossflow at R = 4, which
has enough measured data available for detailed comparisons. The jet trajectory and axial velocity decay
comparison are excellent, and the surface pressure distribution is well predicted except for the wake region right
behind the jet. The same methodology is then applied to single- and dual-rectangular jets in a crossflow at the
same velocity ratio, and most of the important features of the surface pressure distribution are predicted well.
The general observation is that the entrainment process due to the turbulent mixing is modeled reasonably
through a generalized eddy viscosity concept supported by an axial turbulence intensity correlation, and the
agreement achieved here between the prediction and existing measured data is considered good for a three-di-
mensional, turbulent flow of this complexity.

Nomenclature T = boundary of the computation domain
a = constant, = 1/.53 é = variational symbol
b = shear layer width by = Kronecker delta
by = averaged jet half width € = penalty parameter
C = constant “r = eddy viscosity '
G, = pressure coefficient vr = kinematic eddy viscosity
D = diameter, = D; = D, Q = bounded computation domain
i = proportionality factor for eddy viscosity @ = element interpolation function for velocity
fi = vector of body forces o = density of the fluid
L = streamwise length of the rectangular ¥ = element interpolation function for
nozzle pressure
Ly = length of the potential core &5 = intrinsic coordinates
n = direction normal to the boundary [e] = element gradient matrix
P = gtatic pressure il = element force vector
q = dynamic pressure {F} . = global force vector matrix
R = jet-to-crossflow velocity ratio Ly = element stiffness
t = vector of surface traction K] = global stiffness matrix
UV,W, or Uy = mean velocity components [m] = element pressure mass matrix
Usnax = maximum velocity {p} = nodal pressure vector in an element
U. = axial velocity {u} = nodal velocity vector in an element
u,v’,w’ = fluctuating velocity components (U} = column vector of velocity unknown
—pu'v’ = Reynolds shear stress in xy plane
X,¥,Z, Of X; = Cartesian coordinates .
o = angle between the jet axis and x axis Introduction
ETS injected into a crossflow have been widely studied due
to their large area of engineering applications. A general
description of these flows can be found in Schetz! and
Abramovich.2 There have been numerous experimental
works®-7 that have tried to reveal some of the fundamental
E———— transport mechanisms and mixing processes. As for the com-
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two-equation turbulence model was used in Patankar et al.®
and White,? a high resolution of the vorticity field was visual-
ized with a turbulent kinetic energy (TKE) model in Sykes et
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applications. But, the prediction of surface pressure, which is
of prime importance for V/STOL applications, has been
hardly reported in these studies. Instead, only inviscid flow
methods supported by empirically tuned jet properties have
been the major prior technique to predict the body pressure
distribution.!> Though these methods offer the advantage that
the desired body pressure distribution can be obtained without
solving for the flowfield throughout the domain, their range
of application is limited to already known cases. This work is
aimed at the development of a robust, viscous prediction
method for the pressure and mean flowfield with the aid of the
least possible amount of empirical information.

The surface pressure induced by the jet flow characterizes
the aerodynamic performance of a V/STOL aircraft in transi-
tion from hover flight to wingborne operation and vice versa
at.a fairly low speed. Recent experimental studies in this area
include various parameters: rectangular nozzles,”!92° dual jet
configurations,”!617:1819 ponuniformity of the jet exit condi-
tions,” %2122 and injection from a body of revolution,!6:23
among others. Streamwise aligned rectangular jets have re-
ceived special attention due to the convenience of installation
of dual nozzles on the side of V/STOL aircraft and less
blockage effect against the crossflow for the same jet exit area.

The surface pressure is characterized by the mass entrain-
ment of the crossflow into the jet, and this mechanism in the
near field of the jet at high R is believed to be similar to that
for the initial region of the two-dimensional jets. This moti-
vated the development of the current turbulent model, which
obtains the length and velocity scales not from empirical cor-
relations but from the flowfield, which enables easy treatment
of an arbitrarily shaped jet cross section.

Using the Bousinesq approximation, the momentum and
continuity equations are discretized and solved by the penalty
function finite element method, in which the pressure is elimi-
nated at the elemental level and the final system of algebraic
equations can be solved for velocity components only. Also,
Gaussian elimination does not require partial pivoting, which
makes it attractive to apply the direct profile method, even in
three dimensions. Special boundary conditions are employed
to perform computations in a computational region of limited
size with a modest mesh, and these are found to be effective
for simulating the main jet flowfield at R in the range of 4,
which is important for V/STOL and other practical applica-
tions.

Three different nozzle configurations are considered in this
study: a single circular nozzle, a single streamwise aligned
rectangular (aspect ratio 4) nozzle, and dual rectangular noz-
zles. The present turbulence model and numerical strategies
are tested on the first problem, which has ample experimental
data. The second and third cases involve newer issues with
practical importance, and the computed results are compared
to some recent experiments.”?

Analysis
Governing Equations

The incompressibility and the Reynolds—averaged,‘ Navier-
Stokes equations in the steady-state are given by

Ui=0 M
pUU;; =0y + ofi 03]
where o = —P(S,'j + 7Tij and Ty = (n+ P"T)(Ui,j + l]j,,'), and

the pressure was redefined to include the effects of the turbu-
lent normal stresses.

Variational and Finite Element Formulations

Full details of the mathematical procedures associated with
the penalty function finite element methods are readily avail-
able,?*?7 so only a brief outline is given here. The variational
(weak) form for the Navier-Stokes equations can be obtained
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by using a Generalized Galerkin technique. Indeed, this is one
of the methods of weighted residuals that seeks a linearly
independent set of weighting functions orthogonal to the
residual by making the integral of the weighted residual be-
come zero. Taking the variation of velocity and pressure as
8U; and 8P, respectively, and using a penalty approximation
for pressure as U;; = — eP, the weak forms can be given as

§ (BUipl]jUi,j - 6Ui’jP + 5Ui’jT,'j - 5U,pf,)dﬂ = # sUdI’
Q r
3)
g 6PU,;dQ = -—ej‘ (6P)PdQ ©)
Q Q

where f; = o;n; represents the applied surface stress in the i
direction. Within each element, the velocity and pressure are
approximated via interpolation functions {¢] and {y] defined
as

Ui = {o)Tlu} = Zk:‘PkUi,k )
p= WiTp} = Zk:‘l’kpk 6)

where {#] and {p] represent the vector of nodal values of
velocity components and pressure, respectively. Evaluating
integrals over the element, the finite element equations for
momentum and continuity equations are given in a compact
matrix-vector form as

K1) = [€1ip} = 1} ™
[mip} = (— 1/e)(c]"(u] O ®

Here, {f} means the elemental force vector at the nodal points.
Eliminating the pressure in Eq. (7) using Eq. (8), the final
form may be given as

(k] + (1/6)lcllm} ~ '[e]D{u] = {f} ®

It should be noted that the pressure degrees of freedom are
eliminated at the elemental level and the only unknowns are
velocity components, which result in tremendous computa-
tional savings, especially in three-dimensional cases. This con-
sistent construction of the penalty matrix evaluated with full
quadrature is known to be more accurate than the reduced
integration counterpart when distorted elements are em-
ployed.?*% Convergence of the solution of the penalty formu-
lation to the true solution, as e—0, can be proved.?% A value of
e of 107°-10~? is used according to the magnitude of the
viscosity. Once the velocity field is obtained, the pressure is
recovered via

P=(-1/8U;; (10)

Turbulence Model

The choice of the turbulence model for the calculation of a
jet in a crossflow has been controversial.?® Further, the previ-
ous elliptic approaches with two-equation turbulence mod-
els?10.13.14 indicated grid dependence of the solutions, and it
has never been clear whether the discrepancy of the prediction
compared to experiment should be attributed to numerical
diffusion or inadequacy of the turbulence model. According
to recent studies, 2829 the effect of the turbulence model should
be small, and a crude eddy-viscosity model may be employed
for high R3°, even though it may not be valid throughout the
entire flowfield. This is a partial justification of the choice of
the present rather simple turbulence model. The proposed
turbulence model does not presume or require assumed profile
shape in any coordinate direction. The main idea is to describe
the curved jet with respect to the jet trajectory and quantify
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Fig. 1 Definition sketch of the velocity profile of a jet in crossflow.

the characteristic length and velocity scales to determine the
levels of turbulence transport. We propose to use an eddy-vis-
cosity model, whose functional form is simply a product of
length and velocity scales, which are assumed to be constant
across the jet.

A sketch of the jet for analysis in Cartesian and intrinsic
coordinate system is given in Fig. 1 along with definition of
the various half width in each direction. Here, the jet trajec-
tory or axis is defined as the locus of maximum total velocity
in the plane of symmetry, and the jet half width is defined as
the distance along { or  direction from jet axis to the location
where £ component of the local velocity satisfies the following
relation:3!

(U = Us)/ (Upax — Us) = 172 a1y

Because the profile across the jet is asymmetric in general, the
jet width is decomposed in both positive and negative direc-
tions with-respect to the jet axis. The characteristic length scale
here is defined as the jet half width in an averaged sense, and
a convenient expression can be obtained by generalizing the
three-dimensional, rectangular, free jet model suggested by
Sforza et al.* including here the effect of the jet deflection as

bu(§) = [5m%/ (5 + n5) a12)
where
Co=0n +&5)/2=(x; +x})sina/2 13)
and
=0 F i) 2=y +2,0)/2 (19

where « is the angle between the x axis and the jet axis, and
1/a = 0.53. :

Near the nozzle exit, there exists a potential core region
where the turbulent mixing is not so active. In the present
study, a linear relation for the coflowing planar jet given by
Abramovich? is used to determine the growth of the mixing
layer in this region as

db,./dE = (0.027/2)[(1 — 1/R)/(1 + 1/R)] (15)
Integrating Eq. (15) from the nozzle exit gives

b= (0.027/2)[(1 —-1/R)y/(1 + l/R)jE + bye(0) (16)

where b, (0) may be taken as the displacement thickness of the
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boundary layer at the nozzle exit. Introduction of this con-
stant is for numerical reason to avoid a zero length scale in this
region. The length by, can only be used as a reference length
scale until it becomes greater than or equal to b,,. The result-
ing core length for R = 4 is about 3 jet diam, which is in good
agreement with the estimation of Kamotani and Greber* or
measured data of Pratte and Baines.® In the rectangular jet
problem, there exist three distinctive regions®?: potential core,
characteristic decay, and axisymmetric decay region. Thus, the
final choice of the length scale can be performed according to
the logical sequence given in Fig. 2. ,

The velocity scale is taken here as the difference bétween the
maximum total velocity and the freestream velocity, even
though other choices are possible, as

AUC = Umax - Uon (17)
Then, the eddy viscosity can be given as
pur = 0.037pb,AU, (18)

Here, the coefficient of 0.037 is taken, as described in Ref. 32,
since this model can cover various two-dimensional coflowing
jets in extreme cases and three-dimensional rectangular free
jets. )

Even though the expression above is developed for the jet of
arbitrary cross-sectional shape, it must be viewed as a mean
flow model that does not directly reflect the fluctuating nature
of the turbulent flow. The eddy-viscosity models that have
been successfully applied to jet or wake cases often do not
perform adequately when applied to the other case, and this is
so even when the functional forms of both kinds of models are
essentially identical.! The primary controlling factor for this
discrepancy is believed to be the proportionality constant, and
there has been a study to investigate theé connection between
this constant and turbulence quantities through an order-of-
magnitude analysis.’* (See the Appendix for more details.)
According to the results of this study, the same eddy-viscosity
model can be applied to both jet and wake flows by adjusting

LENGTH AND VELOCITY SCALES FOR A 3-D JET

Caj2: 11)2

i

bpe = C(R)S + by

bpe S 112 S {yj2 M Shee Sl
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.
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\

AUC(E) = Unpax — ch_a

pr(§) = 0.037pby AU,

!

Fig.2 Flow diagrani for determination of the characteristic length
hand velocity scales for the eddy-viscosity model.
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Fig. 3 Finite-élement mesh for the single circular jet case.

the factor with the aid of axial turbulence intensity data. This
algebraic turbulence function approach is introduced here to
reflect the first-order influence of turbulence structure into an
eddy-viscosity model for a curved jet. Let f be a function of
the arc length of the jet that represents a relative magnitude of
the axial turbulence intensity to the velocity defect:

& =uaU? (19)

and f can be correlated from the measured data of Keffer and
Baines?® as

{2 in the potential core (20)

1+ exp] — 1.134(¢ — £p)] in the main jet region

The final form of the eddy-viscosity model adopted here is
given by

pr = 0.037fpb AU, 1)

Nondimensionalization

Let Ly, U;, and poUZ denote the characteristic reference
magnitudes, and the asterisked dimensionless variables may be
expressed as

Xt =x/Ly, =123 @2)
Ut =U/U, i=123 (23)
P* = (P — Py)/p,U¢ (24)
p*=p/py=1 : (25)

Domain and Mesh

Because the flow is symmetric with respect to the xz plane
passing through the jet nozzle, only haif of the flowfield is
considered for single jet cases. For the dual jet case, the center
of the nozzle spacing served as the plane of the flow symme-
try. All the origins of the reference frame are taken at the
center of the jet nozzle, and the whole computation domain
comprises a rectangular box shape.. To determine the size of
the domain and finite element mesh, a series of the pseudo-
laminar calculations was performed?’ with repeated mesh re-
finement and domain adjustment within the computational
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resources available. At this stage, the eddy viscosity was set to
a constant, and the round jet model used in Ref. 8 was selected
for parametric study, in favor of cost effectiveness. With the
final selected domain and mesh, the initial flowfield was ob-
tained to drive the current turbulent model. A typical example
of the finite element mesh is given for the single circular jet
case in Fig. 3.

Boundary Conditions
After careful review of various choices, the following set of
boundary conditions were used for all cases:

Upstream at x* = X,,:
Ur=1,V*=W*=0 (26)
Downstream at x* = X: ,
ty=t, =t; =0 2N

Bottom boundary at z* = 0:
Bottom wall except for the nozzle:

th=tl=W*=0 (282)

Nozzle exit:

U*=V*=0, W*=R (28b)
Nozzle edge:

Ur=V*=W*=0 (28¢c)

Top boundary at z* = Z:
ty=t,=t; =0 (29)

Plane of symmetry at y* = 0: .

tr=Vr=1t;=0 (30)

Side boundary at y* = Y:
ty=t,=t;=0 ‘ €3}

The downstream boundary is regarded as an outflow
boundary, and the traction-frée condition is employed. The

- far-field boundaries are riot so far from the injection nozzle as

to specify either uniform freestream velocity® or zero normal
velocity and zero tangential velocity gradients.!®!! Physically,
these surfaces should allow flow through the boundary, and

Table 1 Summary of computational information

Nozzle Single Single Dual
configuration circular rectangular rectangular
Ref. length D L L
Location of the boundary .
Upstream (Xu) —-2.5 — 1.5 ~1.5
Downstream (Xyz) 8.0 3.0 3.0
Side boundary (Y) 4.0 2.5 2.0
Top boundary (Z) 6.0 2.0 3.0
Finite element mesh 30x12x12 25x15%x12 30x20x15
No. of nodal points 4,320 4,500 9,000
No. of elements 3,509 3,696 7,714
No. of active eqs. 11,807 12,267 24,975
No. of matrix elements 10,144,411 13,117,355 43,825,147
Mean half bandwidth 430 535 877
CPU s/1LU decomp. 197 292 6,673
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Fig. 4b Comparison of jet boundaries.

the specification of the traction-free conditions was found to
be more effective. The bottom wall is modeled as a stress-free
wall that is similar to that used in Ref. 11. This approach may
not give an dccurate picture of the boundary layer flow but
may be a useful approximation when the details of the
boundary layer are not the major concern,

Solution Strategy

To minimize the workspace, an eight-noded, isoparametric,
trilinear, velocity-constant pressure element was employed.
Though this element does not satisfy the Brezzi-Babuska con-
dition** and may sometimes suffer from spurious pressure
modes, these can be all fllterable, at least when pure, on a
regular mesh.242 The pressure’ is computed only at the cen-
troid point, which achieved filtered pressure. No other pres-
sure mode was observed in the present computation.

Upon assembling Eq. (9) over the entire elements and im-
posing boundary conditions, the final matrix equations can be
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Fig. 4d Comparison of vortex curve.
given as

KONUI=(F} (32)

where [K(U)] is the global stiffness matrix, {U} the global
unknown vector, and {F} the global vector of the body force
and boundary conditions. Because of the steep velocity gradi-
ent near the jet nozzle, direct iteration (successive substitution)
with under-relaxation was used starting from the pseudolami-
nar solution. The eddy-viscosity distribution along the jet axis
is updated at every iteration using the current solution. The
system matrix has a very large, unsymmetric, sparse, skylined-
structure, but pivoting is not necessary for LU decomposition,
and direct application of the profile solver is possible. Compu-
tations were performed using a modified version of the finite
element method (FEM) code fluid dynamic analysis program
(FIDAP)*? on the Virginia Tech IBM 3090 machine with vec-
tor facility. Summarized information on the computations
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including memory and central processing units (CPU) for all
cases is given in Table 1.

Results and Discussion
Preliminaries

Before going into details of the presentation of the results,
it should be mentioned that the predicted surface pressure is
compared with measured data by Kavsaoglu’ because this
study covered a wide region and used very dense pressure taps
in the vicinity of the jet nozzles. This can be recognized from
figures comparing the finite element mesh and the surface
pressure tap locations given in all cases. The point-by-point
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comparison of the velocity profiles in the circular jet case is
also based on the data measured by using a hot-wire
anemometer in the same study to give a meaningful compari-
son. Also, some representative jet properties, including jet
axis, axial velocity decay, or vortex curve, are compared with
available experimental data. Finally, predicted velocity vector
plots on successive xy planes from the wall are given for all
cases.

Single Circular Jet in a Crossflow at R =4

The computed trajectory is compared with previous experi-
mental results*’ with satisfactory agreement in Fig. 4a. It

FEM

I D

41114

dnili i

Fig. 52 Wall pressure tap locations vs finite-element mesh.

Fig. 5b Comparison of surface pressure coefficient.

6.0
5.0F

4.0
z/D, 3.0}

2.0}

1.0}

—
x/D.=3.0 |  x/D,=4.0

B

0. 0

6.0 7

5.0 x/D=0.5 :x/Dj-l.O.

z/D, 3.0 . .
2.0} . e

1.0} * °

Fig. 6b Comparison of normal velocity profiles at y/D =0.



MAY 1990 V/STOL APPLICATIONS 395

Z/D=0.0 2/D=1.5

- - e e e e e ————— -

. e e —————

- - - -
. e e e - 4

- e e - .
- - - - hn

- - - - - b
- ad - - - -1 - - - - b
=z zzcz z z zzz 3
I E EEE E E E 2 EE E
Z/D=0.25 2/D=2.0
e e e ] e
. e e e - . e e
- - - - - - - -
=z zzz Z z z 2
= z Z £z =S £ Z 2
2/D=0.5 '2/D=2.5

. e e ] L ]

- - - e e -— —1 - — — - . — -_
- - R e - - - - —— -t
2 2 Il T ] - 2 22 :
T T Z ZzZzzzz T 3 =z z = =
= = = = :’//W: = = = = z p=
E E E EEEZI T NNEEE 3 E ¢ ¢ E
z/D=1.0 2/D=3.0
. e e e e e ]
- - - - - - - - - -
- - - — - - — el -1
- = e e - - - - .
z z zzz 3 = Tz _
Z £ zc:ZczZ z T oz E
E E E E Z E - 3

Fig. 7 Display of the velocity vectors on successive xy planes.

e e o e e e e e EXP FEM
« o« EXP - o o FEM

0.0 L Ve

BERS

.
.
.
.
.

Fig. 8a Wall pressure tap locations vs finite-element mesh. Fig. 8b Comparison of surface pressure coefficient.



396 T. S. OH AND J. A. SCHETZ J. AIRCRAFT

Z/D‘o'o Z/D‘l-o

e e e e —— . e e —— —
e e e e ————— e - e e e e e
e e e e e ———— - e i
- e e e e e r————— ] - - i
- e e e e e ————— = ] - - - .
= = = = oo craomamm————— = o - -z .
- - - 2z e — — 3 - - = 3
= I Z Z i Y=s X o = E-— S
E E E E EzeZUr— === = S = =

£ = = = = a E = E=— - |

-
Z/D=0.25 Z/D=2.0
—-— — et e o o —————————————— " — -t .— — A D G S ————————— — - -—
e m e e e o ] . —— - ]
e e e e e e~ . e e e - -
. e e e e —————— - - . e e
- - - - e e e -
- - - - e e e
— - - Lad - -
- - - - - e o e
£ = EZ T £ Z%Z%
= = =S = = = 2 .z =

Z/D=0.5 Z/D’3-0

Fig. 9 Display of the velocity vectors on successive xy planes.

~

SQUARE FREE J}\\

o
ot

(UC-UE)/(Ul-UR)
»

e
N

0.0~ T r y T . T : v

0 T T -
0 1 2 3 4 0 1 2 3 4 5 (] 7 8

X/DEQ XI/DEQ

Fig. 10a Comparison of jet trajectory. Fig. 10b Comparison of axial velocity decay.



MAY 1990

should be noted that even the measured trajectory shows
appreciable differences according to the experimental condi-
tions, such as jet exit velocity profile, turbulence level, or
crossflow properties. The data of Chassaing et al.’ indicate a
somewhat higher trajectory, whereas the high turbulence case
of Kavsaoglu’ shows a lower trajectory. The computed trajec-
tory appears not to approach the top boundary, and this may
be due to the imposition of the traction-free condition on this
surface, which specifies zero state of the normal and tangen-

.
.
.
.
.
.
.
.
.
.
.
.

Fig. 11a  Wall pressure tap locations vs finite element mesh.
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tial stress components. The predicted jet shape defined by
half-velocity points is compared with the data of Chassaing et
al.’ in Fig. 4b. Even though the prediction shows more deflec-
tion, the overall behavior is reasonably reproduced. The axial
velocity decay along the arc length of the jet axis is compared
with various measured data in Fig. 4c. The prediction shows a
slightly faster decay, but it generally compares well with vari-
ous data. The predicted location of the end of the potential
core seems to be near the observed beginning of rapid velocity
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Fig. 11b Comparison of surface pressure coefficient.
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decay 2<&/D <3. The vortex curve prediction is compared
with the measurement,?® whose data are available from x/D
=2 in Fig. 4d. The prediction shows better agreement far
downstream, and this may be because the computed curve is
obtained by determining the vortex center at the yz plane while
the measurement of Ref. 20 aligned a rake of probes exactly
perpendicular to the vortex axis.

Surface pressure comparison is given in Fig. 5, and the
current calculation is shown to predict the important features
of the overall pressure pattern quite well, except for the wake

-region right behind the nozzle. The agreement here is com-
parable to that achieved by well-tuned, empirical/inviscid
flow solutions,'* and both methods failed to provide an accu-
rate picture in the wake region. This is likely due to the
existence of a large separated region downstream of the jet.

Figures 6 shows point-by-point comparison of the mean
velocity profiles in the plane symmetry, i.e., xz plane. In Fig.
6a, where the streamwise component is compared, the overall
observation is that the use of a slip condition on the wall
affected the profiles within 1 jet diam above the wall, but it is
not critical for the simulation of main jet flowfield. Impor-
tantly, the computation predicts well the location and magni-
tude of the velocity peaks in spite of the appearance of the
wiggle. Figure 6b shows normal velocity comparisons on the
same plane, and the agreement downstream of the jet looks
excellent. The double peaks of the profile are predicted quite
accurately, and the near wall region is also well simulated.

A series of velocity vector plots given in Fig. 7 elucidate the
generation and growth of the counter-rotating vortices start-
ing from the wall to 3 jet diam above the wall. It can be easily
identified that the vortices are created right behind the nozzle
where the negative peak of pressure is observed.

Single Rectangular (Aspect Ratio 4) Jet in a Crossflow at R =4

Because mean velocity data are not available for this case,
only the predicted pressure coefficient is compared with the
measured data in Fig. 8. The overall pattern is quite well
predicted, and the appearance of the negative peaks near the
front corner of the nozzle is apparent. The agreement for this
presumably more complicated case seems even better than that
for the circular jet case, and this may be due to lessened
blockage effect and, thereby, a reduced wake zone.

Figure 9 reveals that, unlike the circular jet case, the vortex
pair is found to be generated at the front corner of the nozzle.
Also, the same is true for the pressure peak.

Dual Rectangular Jets (Side by Side) in a Crossflow at R =4

The trajectory comparison is given in Fig. 10a, which re-
veals that the calculations show a drift in the initial region and
higher penetration in the zone of deflection, but the overall
behavior is reasonably predicted. The main reason for the
higher penetration may be due to a relatively lower location of
the top boundary due to the limitation of computational re-
sources. The axial velocity decay along the jet arc length is
compared in Fig. 10b, where the calculation shows good
agreement. Measured results for a square free jet are also
illustrated for a qualitative comparison, and the present flow
shows much faster decay due to the action of the crosswind as
in the circular jet case. .

Surface pressure comparison in Fig. 11 reveals that the
agreement looks excellent. The computed results clearly pre-
dict not only the negative peaks at the front corners, but the
second negative zone at the rear, which is not so clear in the
single rectangular jet case. This difference may be due to jet
interaction that locally isolates the region between the nozzles
and does not allow a high transverse entrainment velocity.

The velocity patterns given in Fig. 12 indicate the appear-
ance of the asymmetric vortex pairs created at each front
corner that lead to the negative peaks of the surface pressure
at or near the vortex core region.

J. AIRCRAFT

Conclusions

Here we have demonstrated reliable and cost-effective nu-
merical techniques to predict the mean flowfield and surface
pressure induced by three-dimensional, turbulent jets in a
crossflow at R in the range of 4. The present turbulence model
was successfully applied to various transverse jet(s) with com-
plex nozzle configurations. According to the comparison of
the mean velocity profiles, the entrainment process seems to
be reasonably modeled, which in turn results in excellent pre-
dictions of the surface pressure distribution. However, for
dual jets, further mesh refinement is probably needed for the
effect of jet interaction in order to improve the mean flowfield
prediction.

Small wiggles are observed in the regions where the velocity
gradient is very steep, and this seems to be a natural conse-
quence of using conventional Galerkin-type finite element
methods that lead to a centered-difference-like treatment of
the advection terms. Even though some error can be attributed
to the coarseness of the mesh, since the wiggles are not domi-
nant at essentially all mesh locations and they occur in the
regions of lesser importance, the wiggle-free solution in the
rest of the mesh is judged of acceptable accuracy. Upwind
methods may be useful to suppress the wiggles and to obtain
smooth solutions. However, it should be remembered that
upwinding is accurate only if the numerical diffusion is signif-
icantly less than the physical diffusion, so it can only be used
on a very fine mesh. In spite of the presence of the velocity
wiggles, no spurious pressure mode was observed because the
pressure was computed at the centroid point of the element,
which resulted in filtered pressure.

The use of a slip condition on the wall introduces measur-
able effects on the tangential velocity profiles, but these are
limited to the near-wall region. We believe that this approach
may be useful if the pressure is the major concern. The use of
traction-free conditions on the far-field boundaries is found to
handle the mass entrainment or discharge across the boundary
effectively with a modest-sized computational region.

Extensions of the current work may include dual jets in-
jected from a flat surface in tandem configurations and jets
injected from a body of revolution. Previous crude techniques
for tandem jets with inviscid methods simply treat each jet as
a single jet and use the jet properties correlated for injection
from a flat surface until both merge into one. Jet-to-jet spac-
ing is another key parameter, and the turbulent mixing will
surely be different from that of single jet cases or widely
spread jets. Similar techniques can be used for the body of
revolution case, where the jet-to-body diameter ratio varies

from a very small value? to about one-half.!¢ Also, the change

of other properties of the jet and crossflow, such as nonuni-
form jet exit profile, swirl, turbulence, temperature differ-
ences, injection angle, and nonuniform crossflow profiles,
may be included.

Appendix A: Development of the Algebraic
Turbulence Function Hypothesis
Using the unified eddy-viscosity model! (or any Prandtl-
type model) for the planar-free shear flow, the turbulent shear
stress may be given as

— AU
Tr_ —u’v'=C—Z)—C§ AUdy = C x C(AU:? (A1)
P 0

where C, is a constant that depends on the specific profile
shape, and typical shapes yield a value of roughly one-half.
On the other hand, one may write®

~uy =CNuNp? (A2)

where C; is also a constant of about one-half. Also, generally
in free shear flows, the following can be conjectured?

u' =v’ (A3)
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Thus, the final result may be written as
a'Y/(AUP =C (A9

because C,/C; is expected to be near unity. In other words,
once the axial turbulent intensity information is given, an
eddy-viscosity model applied to a specific free shear flow can
be applied to the other cases if the proportionality constant is
adjusted.
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