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Comparison of Computation with Experiment
for a Geometrically Simpli� ed Powered-Lift Model
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The performance of a representative short takeoff and vertical landing model during transition � ight
is investigated by comparison of experimental and numerical simulations. The model consists of a 60-deg
cropped delta wing planform; a simple fuselage shape blended to the wing; and tandem, circular, high-
pressure-air lift-jets that exit perpendicularly to the � at lower surface. The con� guration minimizes the
geometric complexity while retaining the important � ow physics of the lift-jet/aerodynamic surface in-
teraction. Three-dimensional, laminar, and turbulent Navier – Stokes computations are made using a mul-
tiple, overset grid scheme. Results are presented for jet-off and powered-lift cases and compared with the
measured forces and pressures for the model at a freestream Mach number of 0.146, a 10-deg angle of
attack, and sonic lift-jets. Computational � ow visualization illustrates the presence of primary and sec-
ondary wing leading-edge vortices and the de� ection of the lift-jets by the freestream. Signi� cantly, both
computational � uid dynamics and experiment predict a jet-induced lift loss that is mostly a result of a
reduction in the suction pressure at the wing leading edge.

Nomenclature
b = wingspan, 27.00 in.
CL = lift coef� cient, L /q`S
CM = pitching moment coef� cient, M/q` Sc
Cp = pressure coef� cient, (p 2 p`)/q`

c = wing root chord, 30.00 in.
L = lift, lb
M = pitching moment about (x, y, z) = (c/4, 0, 0), ft-lb
NPR = nozzle pressure ratio, pt, j /pj

p = pressure, psf
q = dynamic pressure, psf
S = wing planform area, 3.19 ft2

T = thrust, lb
x, y, z = Cartesian coordinates with origin at the model

nosetip, in.
DL = jet-induced increment of lift, lb
j, h, z = computational coordinates

Subscripts
j = jet
t = total
` = freestream

Introduction

D URING the transition from hover to wingborne � ight,
short takeoff and vertical landing (STOVL) aircraft rely

on the direct thrust of lift-jets to supplement the aerodynamic
wing lift. The interaction of the lift-jets with the � ow over the
airframe produces a complex, three-dimensional � ow� eld that
impacts the overall aerodynamic performance of the aircraft.
More speci� cally, the jets usually induce a loss of lift and a
change in the nose-up pitching moment on the vehicle; both
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effects increase with increasing forward velocity.1,2 Thus,
proper design of STOVL aircraft requires an understanding of
the physics of the lift-jet/airframe interaction. The purpose of
this investigation is to evaluate the ability of computational
� uid dynamics (CFD) to predict the jet/airframe interaction.

The computational approach builds on experience obtained
from earlier calculations of basic components of the powered-
lift � ow� eld.3– 6 One of these component � ows, the subsonic
jet in cross� ow, consists of a circular jet exhausting perpen-
dicularly through a � at plate into a cross� ow. The � at plate
isolates the physics of the lower surface aerodynamic/propul-
sive interaction during transition � ight. Previous Navier–

Stokes simulations of the jet in cross� ow show favorable quan-
titative agreement with experiment for the jet trajectory, the
properties of the contrarotating vortex pair that dominates the
jet plume, and the pressure distribution on the planar surface
surrounding the jet exit.4,5 Recent grid re� nements to this
model improve its performance.6 Speci� cally, the re� ned com-
putations capture small-scale � ow features such as the horse-
shoe vortex system upstream of the jet and achieve improved
agreement of the plate pressure distribution in the region
within two diameters of the jet exit.

Two simulations extended the previous work on the numer-
ical prediction of impinging jets to powered-lift aircraft appli-
cations. The jet-induced lift loss of a 60-deg delta wing
equipped with side-by-side thrust reverser jets operating in
ground effect was studied.7,8 The simulation demonstrated the
ability of the overset mesh technique to simplify the generation
of body-conforming meshes, to resolve the jet � ows, and to
reduce computational effort without compromising solution ac-
curacy. Smith et al.9 modeled a complete STOVL � ghter con-
� guration, the Harrier YAV-8B, and compared the computed
results with � ight data. Although both simulations predicted
the correct trends for the jet-induced lift loss, the lack of de-
tailed experimental data prevented a thorough evaluation of
the numerical results.

In the current research, a combined computational and ex-
perimental program provides an opportunity to critically assess
the performance of the powered-lift CFD technology. The nu-
merical simulation and the wind-tunnel test investigate the
� ow� eld about a STOVL model whose simpli� ed geometry
minimizes the geometric modeling complexity while retaining
the important � ow physics of the lift-jet/aerodynamic surface
interaction. In this paper, highlights of the experiment and de-
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Table 1 Surface de� nition points

Patch Sections Points x start x end

1 37 115 0.0998 5.000
2 65 175 5.000 23.000
3 46 210 23.000 27.3827
4 29 175 27.3827 30.000
5 25 100 8.800 11.500Fig. 2 STOVL model geometry. Top and side views. Dimensions

are in inches.

Fig. 1 Model installation with the wingspan oriented vertically
in the NASA Ames 7- by 10-Foot Wind Tunnel.

tails of the grid generation process are presented. The jet-off
computation serves as the baseline condition for the evaluation
of the CFD model’s ability to predict the jet-induced effects.
Numerical parameters including grid resolution and turbulence
modeling are examined for the jet-off conditions. Finally, com-
puted results are compared with experimental data for the
STOVL con� guration with powered lift.

Wind-Tunnel Measurement Summary
The transition � ight characteristics of the geometrically sim-

pli� ed STOVL model were measured in the NASA Ames 7-
by 10-Foot Wind Tunnel. A photograph of the model installed
in the test section with the wingspan oriented vertically is
shown in Fig. 1. The model’s cropped delta wing planform
and � at lower surface are seen in the photograph. Two circular
jet nozzles exit perpendicularly to the lower surface.

On the upper surface, a simple fuselage shape blends
smoothly into the wing. Views of the model from the top and
side are sketched in Fig. 2. The model has an overall length
of 30 in., a wingspan of 27 in., a leading-edge sweep angle of
60 deg, and a trailing-edge sweep angle of 210.98 deg. The
planform area for the wing is 3.19 ft2. The radius of the
rounded wing leading edge varies smoothly from 0.1 in. at the
nose to 0.014 in. at the wingtip. Each of the jet nozzles has
an exit diameter of 1.2 in., a length of 1.837 in., and a con-

traction ratio of 1.417 to 1. The jet exits are centered on the
symmetry plane, y/b = 0. The upstream jet is located at x/c =
0.4, and the downstream jet is located at x/c = 0.667; distance
is measured from the nose-tip to the center of the jet exit.
Heated high-pressure air is supplied to the model plenum and
ejected through the nozzles perpendicular to the wing lower
surface. The model is instrumented with an internal, six-com-
ponent force balance; 281 surface pressure ports; and a Kiel
probe with a colocated thermocouple mounted within each
nozzle. Additional details of the test apparatus and techniques
are reported in Refs. 10 – 12.

Jet thrust, airframe aerodynamic force, and surface pressure
measurements for the STOVL model were acquired over a
range of angles of attack for approximately 30 combinations
of freestream Mach number and jet nozzle pressure ratio
(NPR). The freestream Mach number was limited to 0.2.
Model angle of attack ranged from 210 to 120 deg. The
nozzle pressure ratios of both jets were varied between 1 – 3,
and the jet exit temperatures were maintained at near ambient
conditions. These measurements document the effects of the
effective jet velocity ratio and the model attitude on the mod-
el’s aerodynamic performance.

Grid Generation
Surface Grid De� nition

Surface de� nition data for 175 cross sections (y – z planes)
were generated from the computer-aided design database. The
model-based coordinate system is measured from the nosetip
so that the X axis is aligned with the body, the Y axis extends
spanwise with y/b = 0 corresponding to the symmetry plane
of the model, and the Z axis indicates vertical location (see
Fig. 2). The surface de� nition data are grouped into the � ve
patches described in Table 1. In Table 1, the number of cross
sections in each patch, the number of points de� ning each
cross section, and the location of the starting and ending cross
sections for the patch are listed. Patches 1 – 4 provide the ma-
jority of the wing data. A � fth patch containing the coordinates
for a subset of the model fuselage was generated because the
original model design was modi� ed after the surface de� nition
data were extracted. Within the surface de� nition database, a
minimum cross-sectional spacing of 0.01 in. is used at the
model nosetip. The maximum cross-sectional spacing is 0.5 in.
on patch 2 where the geometry varies slowly. Cross sections
are clustered in regions of high curvature such as the front of
the fuselage or the wingtips.

The � rst task for the surface grid generation was to combine
the fuselage geometry data with the wing data. Patch 5 was
manually intersected with patches 2 – 4 along the side of the
fuselage. Data from patch 5 were used for z values above the
intersection point, and data from the wing patches were used
below it. These new cross sections were used as input to the
geometry preprocessor contained in PMARC, a potential-� ow
panel code for complex three-dimensional geometries.13 Within
the PMARC geometry package, each cross section was re-
splined. In addition, break points were set to delineate the
fuselage– wing intersection and the wing leading-edge radius.
The resplined model surface data were organized into three
patches: 1) a nose patch for x # 4.0 in., 2) a main body patch,
and 3) a fuselage patch for x $ 29.6 in., where the fuselage
extends beyond the trailing edge of the wing. These patches
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Table 3 Grid density for � ne grid system

Block Grid descriptor j h z

1 TUNNEL 90 36 59
2 TUNNEL2 80 51 55
3 NOSEiTIP 25 67 50
4 BODY1 180 95 50
5 BODY2 180 50 50
6 FUSELAGEiREAR 19 31 60
7 WINGiREAR 23 40 31
8 JET1 50 37 60
9 JET2 50 37 60

Table 2 Grid density for coarse grid system

Block Grid descriptor j h z

1 TUNNEL 90 36 59
2 TUNNEL2 80 51 55
3 NOSEiTIP 18 62 40
4 NOSE 21 82 40
5 BODY1 91 51 40
6 BODY2 91 61 40
7 BODY3 91 41 40
8 BODY4 47 147 40
9 FUSELAGEiREAR 39 31 60

10 WINGiREAR 40 65 49

make up the geometry database for the computational grid de-
velopment.

Surface grid generation and grid topology de� nition were
completed using the GRIDGEN codes.14 Each of the three sur-
face de� nition patches (nose, body, and fuselage) was gridded
independently. Elliptic partial differential equations were
solved to distribute and cluster grid points within the interior
of the surface grids and to ensure that the surface grids main-
tain the shape of the database surfaces. The maximum grid
spacing in any direction on the model surface is 1022 based
on the root chord.

Volume Grid Generation

Starting with the surface grid and topology information, the
volume surrounding the model surface was discretized. A hy-
perbolic equation grid generator known as HYPGEN15 is easy
to implement, requires few computational resources, and pro-
duces smooth orthogonal grids. HYPGEN generates the three-
dimensional grid by marching away from the user-input sur-
face grid. An initial grid spacing of 102 5 based on root chord
was used at the body surface. The body grids, which encom-
pass the boundary layer and viscous effects near the vehicle,
extend 0.08 chords or two jet diameters from the surface. The
outer boundary shape is arbitrary.

Grids were also generated to resolve the wake region behind
the blunt base of the fuselage and behind the wing trailing
edge, which has a thickness of 0.02 in. First, copies of the
� nal body grid plane were distributed behind the model using
a hyperbolic tangent stretching function. Next, a Cartesian grid
block, whose initial plane conforms to the cross-sectional
shape of the rear of the fuselage, was generated algebraically
using the GRIDGEN codes. Finally, a Cartesian grid block that
extends from the fuselage to the wingtip was placed behind
the wing to close off the trailing edge. The wind-tunnel sting
mount that meets the model at the rear of the fuselage (see
Fig. 1) was not simulated because it is expected to have min-
imal impact on wing pressures.

Grid Communication

The chimera grid scheme provides a method for oversetting
three-dimensional structured grids onto a main grid.16 Points
from the main grid fall within the body boundaries of the
body-� tted grids, and because the three-dimensional grids are
generated somewhat independently, points from one grid may
lie within the body boundary of another grid. Points that lie
within the body boundary must be excluded from the com-
putation. To accomplish this, holes are cut in the grids to ac-
commodate the body boundaries of other grids. This creates
boundaries at the edges of the holes in addition to the existing
grid outer boundaries. Flow variables are passed between grids
at these boundaries using trilinear interpolation. The PEGSUS
code17 is used to identify hole boundaries and to establish the
interpolation stencils.

The computational domain is discretized using 10 grid
blocks. The grid blocks, their descriptive names, and the num-
ber of grid points in each of the coordinate directions are listed
in Table 2. The main or background grid is a relatively coarse

Cartesian grid that discretizes the test section of the NASA
Ames 7- by 10-Foot Wind Tunnel. Inviscid grid spacing is
employed within the main tunnel grid. A second Cartesian
block is embedded in the main grid to provide resolution of
the viscous effects near the model. The three-dimensional
body-� tted grids including the nose and body grids as well as
the wake grids, which are located behind the fuselage and
wing, are overset within the enriched tunnel grid. The large
fuselage– wing grid block was divided into four smaller blocks
to reduce computational memory requirements. Point-to-point
matching is maintained at these boundaries; communication is
also provided by chimera by adding one overlapped grid cell.
The merged grid system utilizes 1,545,560 points to discretize
one-half of the � ow domain.

Grid Re� nements

Two re� nements were made to the initial grid system, which
is referred to as the coarse grid. First, grid spacing on the
model fuselage was rather coarse (approximately 1022 stream-
wise and 5 3 102 3 circumferentially based on root chord) in
comparison with other regions of the model. To investigate the
effects of fuselage grid resolution, the number of grid points
in the streamwise direction on the model fuselage (but not near
the wing leading edge) was doubled for x/c between 0.133 –

0.400. As a result, block 5, identi� ed in Table 2, was split into
two grid zones: 1) BODY1A, 80 3 51 3 40, with increased
grid density and 2) BODY1B, 55 3 51 3 40. This locally
re� ned grid system is referred to as having medium density.

The overall goal of the second grid re� nement was to in-
crease grid density in � ow regions dominated by viscous ef-
fects without signi� cantly increasing the total grid size. Mod-
i� cations made for the � ne grid include the following:

1) Decreasing the spacing in the streamwise direction at the
nosetip from 3.3 3 102 4 to 8.3 3 102 5, based on root chord.

2) Increasing the number of streamwise grid points for x/c
between 0.133– 0.45 by a factor of approximately 1.8 about
the entire body.

3) Decreasing the number of circumferential points on the
fuselage from 29 to 22.

4) Increasing the number of circumferential points near the
wing leading edge.

5) Extending the body grids an additional 0.08 chords fur-
ther from the body surface in the normal direction.

6) Increasing the boundary-layer grid spacing at the body
surface to z /c = 2.5 3 1025.

7) Increasing streamwise grid spacing in the wake grids.
The resulting overset mesh contains 1.9 million points for

jet-off computations; grid zones are described in Table 3.

Jet Grids

For powered-lift simulations, two jet grids are added to the
overset mesh. The symmetry plane of the � ne grid system,
including the jet grids, is shown in Fig. 3. Each jet grid is a
polar grid with a constant radius of 2.5 jet diameters that ex-
tends � ve jet diameters away from the body surface. The grids
are clustered in the radial direction near the jet exit with 25
points within the jet exit in the radial direction, a spacing of
nearly 0.07 jet diameters at the axis and a minimum spacing
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Fig. 3 Merged grid system in the symmetry plane.

Fig. 4 Effects of grid re� nement on surface pressures in the sym-
metry plane for turbulent jet-off computations.

of approximately 0.006 jet diameters at the edge of the exit.
The radial clustering is relaxed in grid planes located farther
from the jet exit. The normal grid spacing at the jet exit
matches the boundary-layer spacing employed in the body
grids near the solid surface. The maximum spacing in the nor-
mal direction is approximately 0.4 jet diameters.

Computational Method
Numerical Algorithm

The OVERFLOW code18 used for these calculations is a
multiple zone, multischeme, Navier– Stokes � ow solver. The
numerical method selected for the computations is an implicit,
three-factor, diagonalized, central-difference scheme for a thin-
layer formulation of the Reynolds-averaged Navier– Stokes
equations.19,20 Thin-layer viscous terms are retained in all three
coordinate directions. The algorithm is � rst-order in time, sec-
ond-order in space, and uses second- and fourth-order ARC3D-
type numerical dissipation. The second-order dissipation pa-
rameter is set to zero for all computations. The fourth-order
dissipation, DIS4, is initially set to 0.02 and then reduced to
0.01.

Explicit Boundary Conditions

For the STOVL model simulation, the following explicit
boundary conditions are applied. The model surface is a vis-
cous adiabatic solid wall. The nosetip grid has a C – O topology
necessitating an axis condition on the nosetip. Both jets are
modeled using a constant velocity pro� le with sonic, ambient
temperature � ow at the exits. Experimental measurements in-
dicate that the � ow is nearly symmetric. Therefore, to reduce
the computational resource requirements for these nontime ac-
curate computations, a plane of symmetry is imposed at y/b =
0. The wind-tunnel walls are modeled using an inviscid adia-
batic wall condition. At the upstream boundary of the tunnel,
density and the three components of momentum are set to
freestream, and pressure is extrapolated from the interior of
the � ow� eld. Downstream pressure is held constant while the
other � ow variables are extrapolated.

Turbulence Modeling

Turbulence modeling for powered-lift � ow� elds is dif� cult.
Simple algebraic models fail to represent the � ow physics,
particularly in the wakes of the lift-jets. Unfortunately, one-
equation models such as the Baldwin – Barth turbulence trans-
port equation21 have not demonstrated better results than the
algebraic models.6 Although two-equation models may more
accurately characterize the � ow physics for powered-lift � ow-
� elds, solution of the additional transport equations and the
small time steps needed for the turbulent solution make this
approach impractical for a complete aircraft. Therefore, the

turbulence modeling philosophy adopted for this study is to
resolve the body surface boundary layers with an algebraic
model, realizing that the jet-plume turbulence is neglected and
that jet-wake turbulence may not be adequately modeled, and
to evaluate the impact of this assumption.

The Baldwin – Lomax turbulence model22 performs satisfac-
torily for simple con� gurations that have regions of mild sep-
aration and reattachment. The model computes an algebraic
length scale based on the vorticity distribution for the bound-
ary layer. Because solution of the algebraic equation set pro-
vides an eddy viscosity for only a small increase in compu-
tational memory and time, it has been modi� ed and extended
to complex � ows. For � ows with cross� ow separation such as
the delta wing where there are distinct layers of vorticity, the
Baldwin – Lomax model may be unable to correctly identify
an appropriate length scale. A modi� cation to the model de-
veloped by Degani and Schiff23 terminates the search for a
length scale once it is established that the maximum in the
boundary layer close to the body surface has been found. The
Degani and Schiff modi� cation23 has been employed effec-
tively in previous simulations (e.g., Refs. 24 and 25) of
rounded and sharp leading-edge delta wings and has been used
for the turbulent simulations presented in this paper.

Conventional Wingborne Flight Results
For the power-off simulations, the model has a 10-deg angle

of attack and 0-deg yaw. The freestream Mach number is
0.146; at this condition a reasonable convergence rate can be
obtained for the compressible � ow solver. The freestream
Reynolds number, based on the root chord length, is 2.52 3
106. For conventional wingborne � ight, suction pressure peaks
are located on the upper surface of the wing for angles of
attack greater than 5 deg; the locations move to the wing’s
lower surface at angles less than 0 deg. Thus, for simulations
at a = 10 deg, wing vortices are established on the upper
surface of the wing away from the lower surface jet interaction
region.

The computations are made using Cray Y-MP and Cray C90
computers. A steady-state solution is obtained using a spatially
varying time step. Convergence is determined by monitoring
the L 2 norm of the residual and the lift coef� cient for each of
the computational grids. Convergence rates are affected by the
slow development of the � ow behind the fuselage and in the
jet plumes. Steady-state solutions are obtained in approxi-
mately 8000 steps without power and in approximately 10,000
steps with powered lift. The turbulent, coarse grid, jet-off com-
putations require approximately 11 million words of memory
and 10 s of CPU time per iteration on the Cray C90.

Grid Re� nements

To evaluate grid effects, turbulent solutions computed using
the coarse, medium, and � ne overset grid systems are com-
pared with the measured surface pressure distribution. Figure
4 presents pressure data for the upper surface of the model
along the symmetry plane. A series of spanwise pressure co-
ef� cient plots for the upper and lower surfaces at stations x/c
= 0.267, 0.400, 0.533, 0.667, and 0.800 is presented in Fig. 5.
These locations correspond to the pressure tap locations on the
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Fig. 5 Effects of grid re� nement on spanwise pressure distribu-
tion for turbulent jet-off computations.

Fig. 7 Effects of turbulence model on spanwise pressure distri-
bution for jet-off solutions computed on the � ne grid.

Fig. 6 Effects of turbulence model on surface pressures in the
symmetry plane for jet-off solutions computed on the � ne grid.

wind-tunnel model. It should be noted that the surface pressure
plots at constant chordwise locations were constructed by in-
terpolating data from the computational solutions at 40 evenly
spaced spanwise locations with increments of y/(b/2) = 0.025.

The freestream � ow approaches the model and stagnates on
the lower surface, close to the nosetip (Fig. 4). On the upper
surface, the predicted surface pressures are lower than the mea-
surements for x/c < 0.133. Decreasing the streamwise grid
spacing at the nosetip (� ne grid) fails to improve the agree-
ment.

Coarse grid computations on the forward half of the model
(x/c < 0.5) predict pressures that are lower than experiment
both near the fuselage and across most of the wing (Fig. 5).
In contrast, the medium grid results, which have the most grid
re� nement on the fuselage in the region between x/c = 0.133 –

0.400, provide the best agreement with experiment on the for-
ward portion of the wing and fuselage. This demonstrates the
importance of resolving the � ow near the model fuselage for
this con� guration.

Although none of the solutions demonstrate good agreement
near the wing leading edge, some observations are made. First,
at x/c = 0.267, where the � ow� eld is dominated by the pres-
ence of the model fuselage, increasing the streamwise grid
density near the wing leading edge (� ne grid) does not make
a signi� cant impact. Next, pressure suction peaks at the down-
stream stations, x/c > 0.400 are nearly the same in location

and magnitude for the coarse and medium grid computations;
grid density in this region is identical for these simulations.
Finally, for the � ne grid solution, which places additional grid
points near the wing leading edge, the pressure suction peak
moves slightly inboard at all stations.

During conventional wingborne � ight, the pressures on the
� at lower wing surface are nearly equal to the freestream static
pressure as shown in Fig. 5 for all of the computations. The
scatter in the experimental data near y/b = 0 at both x/c =
0.400 and 0.667 is because of the presence of the jet exit
openings. These openings are not modeled in the computation.

Turbulence Model Effects

As shown in Fig. 6, using � ne grid results, both laminar and
turbulent computations predict low pressures in the symmetry
plane upstream of x/c = 0.133. In both cases, the locations of
the high-pressure peak on the front of the fuselage and the
low-pressure peak as the � ow moves over the top of the fu-
selage are predicted. Similarly, all computed solutions agree
well with the measured data on the model’s lower surface as
demonstrated in the spanwise pressure distributions at x/c =
0.400 and 0.667, shown in Fig. 7.

One difference between the laminar and turbulent solutions
is the prediction of � ow separation near the model fuselage.
A small region of reversed � ow is predicted as the geometry
curves from the nose to the fuselage (see Figs. 2 and 6). In
the symmetry plane, y/b = 0, this reversed � ow region is
smaller for the turbulent computations, extending from x/c =
0.19 to 0.21, than for the laminar prediction that shows re-
versed � ow between x/c = 0.17 – 0.20. The turbulent separation
region is con� ned to a very small region near the symmetry
plane, whereas the laminar solution shows a horseshoe vortex
wrapped around the base of the model fuselage. The laminar
calculation also shows a second separation as the � ow moves
over the top of the fuselage between x/c = 0.37 – 0.40. In con-
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Fig. 8 Computed particle traces for conventional � ight.

Fig. 9 Surface pressure distribution for laminar and turbulent
jet-on computations: a) upper and b) lower surfaces.

trast, the turbulent � ow remains attached. Relatively sparse
pressure measurements near the model fuselage cannot verify
the predicted reversed-� ow regions.

At the forwardmost station, x/c = 0.267, the laminar solu-
tion, like the turbulent solutions, does not match the magni-
tudes of the measured pressure distribution across most of the
span. However, near the wing leading edge and aft of x/c =
0.267, it more closely resembles the measured pressure distri-
bution on the upper surface of the wing (Fig. 7). At the wing
leading edge, the pressure suction peaks for the laminar cal-
culation are initiated further inboard, cover more wing area,
and have slightly less suction than the turbulent � ow predic-
tion.

Computational Flow Visualization

Particle traces for the computed turbulent � ow are presented
in Fig. 8. The particles are released within the boundary layer
at several stations along the body. The primary separation line,
which is the location where the vorticity sheet leaves the sur-
face to form the primary vortex, begins at the nosetip and
extends along the leading edge of the wing moving slightly
outboard near the wingtips. Since the leading-edge radius of
the model decreases from the nose to the wingtip, the sepa-
ration location is probably affected by the nearly sharp-edged
geometry near the wingtip. The formation of the secondary
separation line is delayed until approximately x/c = 0.4. These
surface � ow patterns are illustrated in Ref. 26. Qualitatively,
the simulation captures key elements of the vortex-dominated
leading-edge � ow that is typical for delta wings at moderate
to high angles of attack.

Power Effects
For the jet-on simulations, laminar and turbulent computa-

tions were made using the � ne grid with the model at an angle
of attack of 10 deg, a freestream Mach number of 0.146, and
sonic lift-jets. This corresponds to a nozzle pressure ratio of
1.9 and an effective velocity ratio, (q` /q j)

0.5, of 0.145 for the
lift-jets. These jet conditions are somewhat different from the
experimental data10– 12 used for comparison. In the experiment,
to maintain sonic conditions for the front jet, the rear jet is
underexpanded with NPR = 2.0. This corresponds to a mea-
sured total thrust of 45.88 lb for the lift-jets with 56.9% of the
thrust supplied by the rear jet, whereas the simulated jets each
deliver 23 lb of thrust. Also, as shown in Ref. 10, the total
pressure varies across the jet exits. It is expected that the top
hat velocity pro� le with sonic jet exit boundary conditions will
be suf� cient for initial comparisons; however, for more de-
tailed analysis, the experimental exit pro� les should be mod-
eled.

Lift Characteristics

The FOMOCO utilities27 are used to calculate forces and
moments on the overset grid systems. The FOMOCO proce-
dure produces a single hybrid grid consisting of nonoverlap-
ping quadrilaterals connected by a triangulated mesh and in-
tegrates the forces and moments on the hybrid grid. For the
jet-off cases, CL = 0.443, 0.487, 0.519, and 0.511 for the
coarse, medium, and � ne grid turbulent cases and the � ne grid

laminar case, respectively, whereas the measured value is CL

= 0.477. Less agreement is achieved for pitching moment.
Coarse grid computations show an increase in nose-up mo-
ment, and � ne grid computations show an increase in nose-
down moment compared with the measured nose-down mo-
ment, CM = 20.159; at best, CM = 20.171 using the medium
grid.

To evaluate power effects, the difference between power-on
and power-off lift is computed. The measured jet-induced lift
loss is DL /T = 20.398, which is equivalent to nearly a 4-deg
reduction in angle of attack. Signi� cantly, the computations
also show a lift loss because of the lift-jets: DL /T = 20.26
(laminar) and DL /T = 20.36 (turbulent). While the global fea-
tures of the jet-induced lift loss are captured, the surface pres-
sure distribution for the powered lift cases will be used to
highlight local variations between the computations and mea-
surements.

Wing Leading-Edge Flow

Some similarities exist for the laminar and turbulent jet-on
cases and the experiment. First, no signi� cant variation in the
symmetry plane surface pressure distribution is obtained for
the powered-lift conditions vs unpowered conditions for either
the experiment or the computations. Also, at the forwardmost
station, x/c = 0.267, there is little difference between the lam-
inar and turbulent predictions and there is practically no in� u-
ence from the lift-jets. Finally, examining Fig. 7 ( jet-off ) and
Fig. 9a ( jet-on) shows that the lift-jets reduce the magnitude
of the leading-edge suction pressures at most stations.
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Fig. 10 Jet-induced increment of pressure coef� cient at x/c =
0.533.

Fig. 11 Mach contours in the symmetry plane with lift-jets.

In Fig. 9, the computed surface pressures are compared with
experimental data at two stations, x/c = 0.400 and 0.667; these
locations correspond to the origins of the lift-jets. For clarity,
the pressures on the model upper and lower surfaces are plot-
ted on separate � gures. As shown in the jet-off computations,
the pressure suction peak near the wing leading edge on the
model upper surface tends to have greater suction and to be
closer to the leading edge for the turbulent computation,
whereas the laminar solution tends to show better agreement
with the measured pressures at the leading edge.

The jet-induced increment of pressure coef� cient, plotted in
Fig. 10 for x/c = 0.533, is determined by subtracting the power-
off pressures from the power-on pressures. On the upper sur-
face of the wing, positive values indicate a jet-induced lift loss
at the wing leading edge. The jet-induced increment of pres-
sure on the outboard portion of the wing lower surface is close
in magnitude to the measurements and shows an increase in
lift with the jets. However, in the region near the symmetry
plane that physically lies in the wake of the front jet, the pow-
ered-lift � ow� eld is not adequately modeled.

Jet Flow

Mach number contours within the symmetry plane illustrate
the jet � ows (Fig. 11). The contours show the structure of the
� ow� eld as the front jet exits into the freestream � ow and how
its plume is de� ected. The aft jet penetrates further into the
� ow before de� ecting because it is shielded from the free-
stream by the front jet. This behavior parallels experimental
� ow visualization.10,11 Close inspection of the contours indi-
cates that there is some numerical dissipation at the interface
between the � ner jet grids and the outer � ow grid (TUN-
NEL2).

The lift-jets induce low pressures on those areas of the lower
surface of the wing that are close to the jet exits. However, as
shown in Fig. 9b, the simulated pressure distribution near the
jets does not provide as much lift as the measured pressure
distribution. The failure to predict the low pressures in the
vicinity of the jet exit is similar to the results for a single jet
in cross� ow presented in Ref. 6.

Concluding Remarks
Three-dimensional, laminar, and turbulent Navier – Stokes

computations of a geometrically simpli� ed STOVL model con-
� gured for conventional wingborne � ight and powered-lift op-
erations are reported. Computational � ow visualization shows
the structure of the wing leading-edge vortices and the de� ec-
tion of the lift-jets. Computations made using grid re� nements,
particularly near the model fuselage and wing leading edge,
provide better agreement with the measured surface pressure
distribution. Neither the laminar nor the turbulent computa-
tions completely characterize the wing leading-edge � ow� eld
or the � ow within two diameters of the jet exits. For laminar
calculations, the pressure suction peaks at the wing leading
edge tend to be initiated further inboard, cover more area on
the wing, have slightly less suction, and agree better with the
measurements than the turbulent predictions. The simulations
predict a jet-induced lift loss for the model that is mostly be-
cause of decreased suction at the wing leading edge. Low pres-
sures near the sides and in the wakes of the lift-jets are not
adequately simulated. Additional study of the jet grid structure
and application of the measured conditions at the jet exits are
recommended.
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