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ADS'fRACT 

A computer program, VSAERO, has been applied to a number of 
V/STOL configurations with a view to advancing predicticn tech­
niques for the low-speed aerodynamic characteristics. The pro­
gram couples a low-order panel method with surface atreamline 
calculation and integral boundary layer procedures. The panel 
method--which usea ~iecewisc constant source and doublet panels-­
includes an iterative procedure for \-lal-;e shape and models 
boundary layer displacement effect using the source transpiration 
technique. Certain improvements to a basic ·vortex tube- jet 
model were installed in the code prior to evaluation. 

Very promising results were obtained for surface pressures 
near a jet issuing at 900 from a flat plate. A solid core model 
was used in the i:titial part of the jet with a simple entrainment 
model. Preliminary representation of the downstream separation 
zone Significantly improved the correlation. 

The program accurately predicted the preSDure distribution 
inside the inlet on the Grumman 698-411 design at a range of 
flight conditions. Furthermore~ coupled viscous/potential flow 
calculations gave very close correlation with ey.p~rimentally de­
termined operational boundaries dictated by the onset of sepa­
ration inside the inlet. Experimentally observed degradation of 
these operational boundariea between nacelle-~lone tests and 
tests on the full configuration were also indicated by the calcu-
lation. ' 

Application of the program to the General Dynamics STOL 
fighter design were equally encouraging. Very close agreement 
was observed between experiment and calculation for the effects 
of power on pressure distribution, lift and lift curve 8lope. In 
an absolute sense the basic lift curve slope predicted by the 
program was lower than experiment, primarily because the leading­
edge vortices, which occur at the higher anglen of attack were, 
not modelled at this stage. The wake-relaxation capability in 
the VSAERO code was especially important in obtaining good corre­
lation with experimental wing pressure distributions in the 
presence of the canard wake. 

Overall, th~se initial applications of the VSAf10 program to 
the prediction of aerodynamic characteristics of V/STOL config­
urations has been most successful and promise further potential 
improvements in the future. Furthermore, it has been demon­
strated that these V/STOL calculations are both practical and 
economical in computing time. 
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1.0 INTRODUCTION 

. Predicting the low-speed aerodynamic characteristics of 
vertical and short take-off and landing (V/STOL) aircraft re­
quires the analysis of complex configurations in the presence of 
multi-energy region5 embedded in the general onset flow. The 
problem is highly nonlinear due to the mutual interaction between 
free wakea, jeta and the ai rf tame and also due to viscous effects 
and edge vortices at the high angles of attack. Many reviews of 
both V/STOL prediction techniques and the jet-in-crossflow in­
teraction problems can be found in the literature (1) through 
(6). Panel methods still offer the moat successful basis for 
predicting characteriatics for the general configurations. These 
use aurface aingularity distributions based on the Green'e Iden­
tity formulation (7). The oingularity integrals are performed in 
a piece~/ise manner over a large number of panels (8). The 
present report investigates the application ~f such a program, 
VSAERO (9), developed at Analytical Methods, Inc., Redmond, 
Washington, to V/STOL caser. with a view to advancing these aero­
dynamic prediction techniques • 

The VSAERO program includes a general potential flow panel 
method with a wake-relaxation i t~l:a t.ive scheme and simple 
-vortex-tube- jet modelling capability; this is coupled with a 
surface-streamline tracing routine and with integral boundary 
layer methods. In the viscous/potential flow iteration cycle, 
boundary layer displacement effects are modelled using the source 
tr anspi ration technique. 

The versatility of panel methods in their ability to rep­
resent complex geometries fills a basic requirement for modelling 
general V/STOL configurations. In the past, however, there have 
been drawbacks in such applications. First, earlier panel 
methods bazed primarily on source panels with external Neumann 
boundary condition (e.g., (8» suffered severely from -leakaga" 
in flo\'IS inside inlet ducts and narrow channels. Secondly, the 
more recent generation of high-order panel methools (e.g., (10» 
has lost so~e of the earlier versatility for general application 
and ease of data preparation; moreover, computation costs for 
these roethods have risen to such an e~tent that the necessary 
iterative approach for solving the nonlinear pcoblems of V/STOL 
configurations is no longer practical. On the other hand, the 
VSAERO program is essentially a second generation lQli-order panel 
method which maintains and even exceeds the versatility and ease 
of data preparation of earlier low-order panel methods. Also, 
the low running cost has been maintained making it practical for 
application to iterative solutions. Furthermore, the program has 
essentially overcome the dpficiencies associate~ with earlier 
lo\i-order panel methods (9). 

In the present report the results of a backgrcund literature 
survey are described in Section 2. Section 3 -~1ives a brief 
description of changes ~ade in the VSAERO model during the course 
of the work; it includes a description of a two-dimensional pilot 

1 
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cude version of VSAERO used for checking the ~odel chlnges prior 
to installation in the full prograrn~ In Sect~on 4 the VSAERO 
program is evaluated in application to basic jets in crossflow 
situations. In Section 5, the program is applied to two full 
V/STOL configurations, the Grumman Design 698-41.1 tilt-nacelle, 
V/STOL aircraft and the General Dynamics powered STO~ fighter 
model. Finally, in Section 6, the effectiveness of tha VS~ERO 
jet model is validated subsequent to a wake re\axation for three 
V/STOL related configurations 
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2.0 BACKGROUND 

A literature survey was undertaken to identify and review 
past and ongoing related work in the areas of theoretical and 
empirical prediction techniques and experimental and flight-test 
results on V/STOL configurations. The review wan conducted with 
a threefold objective: first, existing theoretical and empirical 
prediction methods were examined with a view to incorporating 
eXisting "good" techniques into the VSAERO code. Secondly, ex-

rerimental and flight teat data were examined for suitable corre­
ation cases and, finally, information on jet flow ch,'lracteris­

tics wan examined with a view to developing a more physically 
accurate yet practical mathematical model of the turbulent jet in 
crosnflow. Specifically, the existing simple vortex-tube jet 
model in VSAERO required improvement for the treatment of in­
clined jets and for close jet/surface interactions. 

Hany ~eviews of both V/STOL prediction techniques and the 
jet crossflow interaction problem can be found in the literature. 
The work prior to 1970 has been summarized by Ha~gason (1) and 
reviews by Wooler at ale (2), Ii.F. Platzer (3) and (4) I D.R. 
Chapman (5), and D.B. Hickey (6) treat the status of more refJent 
V/STOL prediction techniques. This section gives a brief but 
concise overview of the condition of V/STOL prediction tecl)niqucs 
and how they relate to the present effort. Revie\"I of the 
exinting prediction techniques is divided into four main classi­
fications. 

* Inviscid Potential Flow Methods 
* R~pirical Prediction Techniques 
* Patched Potential Flow Viscous Flow Methods 
* Viscous Flow Methods 

2.1 Inyiscid Potential Flow Methods 

Flow conditions dominated by large areas of attached flow 
are treated with much success by these prediction techniques 
which arc commonly called "panel methods". Several variations of 
this ~ethod currently exist in industry which utilize si~gularity 
distributions such as doublets, sources and vortice~ i.n the form 
of panels to model the desired configuration~ An integral equa­
tion of the secvnd kind can be formulated using Green's Identi­
ties (7) to solve for the singularity distribution on the body. 

Typical examples of such methods applicable to oubsonic 
flows are the Hess code (8), program VSAERO -(9), and Pan Air 
CIO), which are all three-dimensional panel met~ods. These 
methods are applicable to subsonic flows while recent success in 
the transonic regime is real ized ill the work by DOPF':! (Il). This 
code will calculate the flow about wing-body-pylon'-nacelle con­
figurations with reasonabally good correlation with experiment. 
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There exist many theoretical treatments dealing with the 
subject of jet-induced pressures and loads which fall under the 
category of inviscid potential flow methods. Early work by 
Spence (12) treated the jet-flap case taking into account the 
momentum of the jet to determine the jet radius of curvature. 
Shollenberger (13) and (14), has formulated a flow si~gularity 
model for wing/jet interaction analysis. Thin technique uses an 
iterative scheme to determine the proper jet vorticity and the 
jet boundary location based on the tangential flow boundary 
condition along the jeto 

The analysis of P.T. Wooler (IS) et al. utilizes the con­
ting~iy and momentum equations to provide the jet path. The 
conS~~Jto of integration for the jet equations of motion are 
determined by reference to experimentally determined jet trajec­
tories. The characteristic kidney shape io approximated by an 
ellipse and the jet entrainment is a~proxirnated by distributing 
sinks along the ellipse major axis. The blockage effect of the 
jet io repreocnted by a distribution of doublets along the jet 
axis. The sink strengtho are made proportional to the maSB of 
air entrained and the doublet strengths are determined from the 
jet geometry. 

Combining Wooler's jet momentum interpretation ulth 
Shollenberger's geometric model and providing for an iterative 
solution to the jet trajectory and boundary distortiou is one of 
the propaaed improvements in the VSAERO jet model • 

. 2.2 I:mL)j,ricQ,l Ptedict.,iQI'!. Tes;hniqnes 

A complete treatment of these methodo is not practical 
within a limited space due to their inherent limited range of 
application. Related empirical studies dealing with the jet­
crossflow interaction problem and a few V/STOL configurationo 
chosen for analysis arc presented in Section 2.5 of this report. 

The importance of ~mpirical prediction ~ethodo t~ V/STOL 
aircraft design and development cannot be overlooked. In the 
analysis of apccific V/STOL configurationa, wind tunnel. testing 
is necessary to predict or verify the overall performance capa­
bilities of the deoign as tiel; au to visualiz~ local regiono of 
viscous, turbulent and scparutcd flow present in most V/STOL 
applications. 

An empiricnl model of the jet cen.terline <lG) hao been em­
ployed in the preaent work to set up the initial mathematical 
model of the jet to reduce the number of itcratlona needed for 
convergence. Aloo, a "orticlty decay model Cl7i, (IS) is ap­
plicable to represent tha diffusion of the jet. 



2.3 J?atched J?QtentJ..ruJJ.9..tL..Yl...ru;ruHi_tl~m Uethods 

Work in this area haG prilaarily concentrated on the coupling 
of a boundary layer analysis vith Q potential flow method to 
determine overall aircraft dr~g or the performance of flap 
ayatems (4). 

Boundary layer methods can be generally oeparated into two 
categories: finite-difference methods and integral methods. The 
integral method la primarily for the analysis of two-dimensional 
flows due to the need for n velocity profile model. In two­
dimensional flous the velocity profile is described bv a family 
of .curves ,~hereaB in three-dimensional flows the velocfty profile 
on the body doeo not conform to a general model. The advantage 
of using the integral method in boundary layer analyois is the 
relatively low computing cooto ~hen compared to the other 
methods. The finite-difference method solves the boundary layer 
equations directly through discretization without assuming a 
veloci ty prof lIe (19). 

An integral method is currently being used in Program VSAERO 
in a fully coupled viscid/inviscid iterative procedure. This is 
applicable to both the external and inl~t-duct regions of the 
V/STOL configurations. 

2.4 Viscous Plow Methods 

Solutions under this category are based on various forms of 
the Navier-Stokes equations which thus far have no applications 
to practical aircraft configurations. The majot effort in compu­
tational viscous flow solutions is being concentrated on two­
dimensional flow problEms such as blunt-body flows, leading-~dge 
flows and ahock-wave/boundary layer interactions (20), (21), with 
very limited success in the area of three-dimensional flow prob­
lems (18). ~his apparent restriction is a result of the inabil­
ity at this time to accurately predict such regions as those 
exhibiting large flow gradients, turbulence, unsteadiness, three 
dimensionality and separated flow zones. 

Restrictions placed on the grid size for the computational 
domain are directly related to the available computer mePoory 
capacity. With recent developrnentc in the field of computer 
technology (22)r the analysis of practical three-dimensional 
wing-body configurations ~ith the full Reynolds averaged Navier­
Stokes equations could be possible in the near future (5), but at 
the present time the large computer run times are a very real 
impediment. 

The possibility exists that future \~orl\ could call fer the 
coupling of VSAERO with a Navier-Stoken technique fo~ zonal flow 
analysis in critical regions characteristic of V/STOL configur&­
tions. 

Hore detailed information concerninq viscous flow methods 
can be found in recent reviews by Graves (22) and Chapman (5), 
and in an earlier report by Platzer and Hargason (18). 
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2 • 5 Expe r fIDen t a 1. tl.QJJL£nd..l:.lisllt....lf..s t Be s U 1t a 

The objective of Section 2.5 is to present pertinent sources 
of information that may be used for data correlation purposes in 
the present work. A number of excellent reviews currently exist 
which summarize presently availablc! work on the subject of V/STOL 
aircraft, and, more specifically, in the area of jets in a sub­
sonic crossflow (23). The work by D.H. Hickey (6) on the aubject 
of V/STOL configurations and the work by Hargason (1) and (4), 
Wooler (2) and Plat=cr (3) and (4) on the subject of jets in a 
crossflow are all excellent reviews. 

The V/STOL conf '~gurations outlined in thin sectIon include 
the very simple fla\: plate and body of revolution test cases 
analyzed using the proposed potential flow pilot code, as well as 
the full V/STOL configurations exarnlned using the potential flow 
code, VSAERO, with irnprov~d jet model. 

2.5.1 Jets in a Subsonic Crosswind 

(15) "Pressure Distribution on a Rectangular Wing with a Jet 
Exhausting Normally into an Air Stream", 1'1ooler, P.T., 
Burghart, G.H. and Gallagher, J.T. 

A theoretic~l model of the flow is pr~3ented which utilizes 
continuity and momentum as an initial step to determine the jet 
path in a crosswind. The velocity field induced by the jet is 
simulated by replacing the jet with a sink-doublet distribution 
in such a manner as to model both the blockage effects (doublet) 
and the entrainment effects (sink) of the jet. the expected 
kidney-ahaped jet cross section is approximated by an ellipse 
downstream of the orifice with the sink distribution located 
along the major axis as shown in Figu~e 1. 

Due to the effective treatment of important physical con­
siderations the correlation with experiment ia good for a lOQ 
thick straight wing with AR=3. 

(14) "Three-DimenBional Wing/Jet Interaction Analysis Including 
Jet Distortion Influences", Shollenberger, e.A. 
A theoretical model of the flow is presented which employo 

the vortex-lattice formulation to describe both the wing and jet 
boundaries. The wing is divided into chordwise divisions and 
spanwise strips such that the entire lifting surface is composed 
of quadrilateral panels which may be nonplanar. The jet boundary 
is modelled in a similar fashion with the jet CrOBG vorticity 
component located along the mid-panel line as opposed to the 
quarter panel line in the lifting-surface case, as shown in 
Figure 2. An iterative procedure ia er:lployed to (1ete(mine the 
ohape and location of the jet boundary through successive appli­
cation of the tangential flow boundary condition at the jet panel 
corners. 
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Reasonably good correlation with previous methods is ob­
served, but more importantly, the model can be used as a general 
method which lends itself to further modification. 

(17) ·Vorticity ASi\uci,:lt.t'd with a Jet in a Cross Plow", Fearn, 
R., and Weatoni R.P. 

An e:tpcrimental inventigation io presented which examines 
the characteriotics of the pair of contra rotating vortices as­
sociated with a round, turbulent jet directed nor~ally through a 
tlat plate into a subsonic crOSD flow. The analysis represents 
the first quantitative deBcription of the pair of contrarotating 
vortices and includes their location, strength and diffuseness 
for jet-to-cross-flow velocity ratios of 3~ R ~lO. Two vortex 
models are introdcced to give a quantitative description of the 
vortices. The simpler model employs the measured upwash velocity 
along the local vertical ar.is in the plane perpendicular to the 
jet (see Figure 3) to determine the strength and location of two 
infinite vorte:t filaments. The more complex model assumes a 
Gaussian distribution of vorticity which defines the strength, 
location and diffuseness of the vortex pair given all the 
measured upwash velocities in that cross section. 

A least squares curve fit of the jet centerline and vortex 
curve locations is ~resented along uith very useful observations 
into the physical aspects of the dominant features of a jet in a 
cross flow. 

(16) "The Path of a Jet Directed at Large Angles to a Subsonic 
Free Stream", R-largason, R.J. 

An ey.perimental investigadon io presented tlhich examines 
the path of the jet centerline, defined as the locus of points of 
maximum jet velocity. The best empirical fit to the data is 
determined and is presented as a function of veloci ty ratio and 
jet deflection angle (see Figure 3). The jet deflection angles 
ranged in 300 increments from 300 to 1800 from the free stream 
and effective velocity ratios in the range of 1.2 ~ R ~ 10. 

US) "Experimental Investigation of Effect of Jet Decay Rate on 
Jet-Induced Pressures on a Flat Plate", Kuhlman, J.M., 
Ousterhout, D.S. and Warcup, R.W • 
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An experimental invcBtigation into the effects of jet decay 
rate on the induced flat pl~te preoGures is presented for the 
caae of an unheated, subnonic circular jet exiting normally from 
a flat plate in a subsonic croas flow as shown in Figure ·S. The 
jet decay rate waa varied through use of cylindrical centerbodies 
submerged at varioua depths bDlc~i th~ jet exit plane for jct-to­
crossflow velocity ratios of 2.2 ~ R ~ 10. 

A volume of tabulated data from the experimental investiga­
tion is compiled in a aeparate report presented by the oarne 
authors. 

(24) "Induced Pressure Distribution of a Jet in a CrosB Flow", 
Fearn, R.L. and Weston, R.P. 

An experimental investigation is presented which examines 
the pressure distribution on a flat plate with a four-inch 
diameter, subsonic jet e~iting normal to the plate. Detailed 
pressure measurementa are presented in tabular and graphical form 
with an extensive summary of conclusions which examines the 
effects of varying the velocity ratio from 2 to 10 on the flat 
plate pressure di~tribution. 

(25) "Experimental InveGtigation of Jet Inclined to a Subaonic 
CrOGS Fl0\1", lloyagir K. and Snyder, P.R. 

An experimental investigation is presented "1hich examines 
the flow fie:d close to a jet iseuing from a flat plate and a 
body of revolution at several nozzle injection angles as shown in 
Figures 5 and 6. Flat plate pressures were obtained for a single 
round jet inclined to the cross flow and the pressure distribu­
tion for the body of revolution was obtained for the case of two 
round jets spaced to six nozzle diameters apart as well as a 
single jet con~iguration. 

Mean velocity measurements were obtained with laser veloci­
meter surveys near the jet orifice to more fully understand the 
entrainment mechanism. 

2.5.2 YLST.Q~ Contiuu~ations 

(26) "Evaluation of Pressure and Thermal Data from a Wind Tunnel 
Test of a Large-Scale, powered STOL Fighter Model", Howell, 
G.A., Crosthwait, E.L. and Witte, M.C. 

The wind tunnel test program of a large-scale STOL fighter 
model, shoun in Figures 7 and 8, is presented. The investigation 
was conducted by Ames Rccearch Center in the NASA/Ames 40- x 80-
foot wind tunnel. General Dynamicsr Fort Worth Division, pro­
vided the lines for the model under contract with N:SA Ames. 
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The model was approximately J/4-scala of an operational fighter 
and was powered by two General Electric J-97 turbojet engines. 
The effects of spanwi~e blowinq ,'ui.d (;ontrol-surfaco deflection 
were examined with limited preBB~re and thermal instrumentation. 

(27) "Full Scale Teats of Grumman D0~ign &90-411 Tilt Nacelle 
V/STOL Model at the NASA Ames Research Center", Grumman 
Aerospace Corporation. 

The wind tunnel and atatic utand test program of a full­
scale powered model of a high-p";!rformarH.:e, subsonic tUt.-nacelle 
V/STOL concept, shown in FlgU1CS 9 and lOr 1s presented. The 
tests were conducted by NASA and Grumman Aerospace Corporation at 
the NASA Ames 40- x aO-foat wind tunnel and the NASA Ames outdoor 
Static Stand for a joint NASA/Naval Air Systems ComMand and 
Grumman IHHospace Cotporatlon program. 'rhe transition speed range 
of the V/STOL concept was examined by utilizing a large-scale 
model with an 11 .. 2 m wing span and t\,10 Tk~-34 turbofan engines. 

(28) ftLarge-Scale Wind Tunnel Tests of. a Sting-Supported VATOL 
Fighter Model at High Angles of Attack"u Stoll, F. and 
Minter, E.A. 

In the first use of the new sting model support developed 
for the NASA Ames 40- x aD-foot wind tunne1e a O.4-scale model of 
a VATOL fighter, shown in Figure 11 was tested to angles of 
att"ck exceeding 900. The model was based on a t\ .. o<~engine 
fighter configuration developed by the Vought Corporation under a 
Ni\SA/Navy jointly Bponsored contract. 

The wind tunnel pressure data is Bvailable in D previous 
report which includes an overall analysis of the design (29). 
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Figure 90 Grumman Design 698-411 FuU.<~Scale, Tilt.-i'Jacel.le V/STOI. 
l>iodel, Hef ~ 27. 
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2.6 CharactPrjstics of il Jet in a Subsonic Crosswind 

Section 2.6 consists of a summary of results compiled from 
several experimental investigatione into the characteristics of a 
round, subsonic jet exiting at large angles to a subsonic 
crosswind. These characteristics are an important consideration 
when developing a physically accurate t:.heoretical model for the 
jet-crosswind interaction problem. A complete treatment of tur­
bulent jets has been written by Abramovich (30) and should be 
consulted for theoretical background. 

206.1 Gengxal DeGcriptiQn 

A conaidetable amount of information is available in the 
literature which deals with the important physical aspects of a 
jet in a cross flow (Refs. 31 thtough 40). The dominant charac­
teristica common to many analyses are the two modes of entrain­
ment which, as shown by Kamotani and Greber (36), (41), act 
independently to control the rate of entrainment. One mode is 
similar to that of the free j o':.:t, \-1hich appears due to the rela­
tive velocity difference betw~en the jet and stream fluid. This 
shear layer creates a turbulent mixing layer around the jet 
periphery which effectively grows in the jet flow direction1 thus 
entraining m~in stream fluid. The second mode of entrainment is 
a result of the pai r of contrarota ting vortices which arc pro­
duced by the interaction between the free steenm and the jet 
component normal to the free stream. 

The vorticity generation will reach a maximum within the 
curvilinar region of the jet (23), (42) and diffuse at a rate 
which io a function of the arc length along t;he vortex curve, but 
which io a weak function of the effective velocity ratio (17). 
The vortices gradually weaken each other by th~ diffusion of 
vorticity acr~ss the plane of symQetry at a rate uhich io much 
slower than tltc jet veloei ty dEcay rate. As shown by Fearn and 
Wenton (17), the pair of contrarotating vortices are eaoily 
detectable 45 jet diametero while Pratte and Baines (43) reported 
that the vortices were detected up to 1,000 jet diameters 
downatream of the jet or ifice. In compar ioon, the jet center­
line, defined by the 10cua of pointa of maximut:l jet velocity in 
the symmetry plane, was detected only up to 15 jet di~cetcrs 
downstream, beyond which no detectable difference between the jat 
velocity and the free~tream flow waG ~eaourea (17). It should be 
noted that the jet-to-fr.ecatream velocity ratio uns varied from 3 
to 10 in this analysis. 

2.6.2 Zonal Flow Deiinitian 

An effective and analytically convenient description of a 
round jet iasuing at angles nec.::: 90 0 is described by J.F. Keffer 
(23). The jet is separated into three regions of influence: 
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1. Source Flow Zone 
2. Curvilinear Zone 
3. Far-Field Zone 

The source flow zone is I'JQrla:o by a conical shaped core of 
potential fluid ne'ar tht: jet orifice 1'1:lth the length, as shown by 
R.L. Fearn (24), following u accona-o=d~r variation with velocity 
ratio. Within thio region the fluid is considered to have a 
negligible degree of turbulence t:lhen compared to the fully dp­
veloped turbulent flou of the other two zones. For velocity 
ratios greater than about four, the potential core possesses a 
sufficient amount of axial momentum to resist a~preciable de­
flection by the cross flow. The fluid on the s1des of the jet 
tendo to deflect due to the lateral shearing action to form the 
characteristic kidney-shaped cross section at the end of the 
potential core zone. 

The curvilinear zone is dominated by two modes of entrain­
ment, as described above, with the combined effect of dispersing 
axial momentum over a steadily increasing area and thus deflec­
ting the jet downwind. At the beginning of the curvilinear zone, 
the velocity profile taken in the stream~iBe direction (i.e., 
normal to the jet cross section) v if: more or less Gill1BSian (2 G). 
The flow at this point is fully developed \tith a separated (low 
region downstream of the jet and the jet blockage effect felt 
upstream of the jet in the form of a p03itive pressure region. 

The far-field zone consists of flow dominated by the pair of 
contrarotating vortices with the axial jet velocity reaching a 
negligible magnitude. Tbe ~ate of entrainment and the amount of 
jet spread falls off dramatically in thia zone, as shown by 
Pratte and Baines (43), (23). 

2.6. 3 Jet-Induced ;8ffJ'lG.t.ri 

Several experimental investigations have treated the jet 
induced pressures and loads on a flat plate or uing with applica­
tion to V/STOL aerodynamics. A g~n~rully consistent description 
of the pressure distribution around the jet orifice has resulted 
from these analyses and is shoun for two investigations in Figure 
12 (Ref. 18). The flow upstream of the jet orifice is decel­
erated and thus producp.s a positive preGsure region9 .1\ negative 
pressure region e~ists to the side and rear of the jet due to 
entrainment and flO\1 separation dO\'lnstream of the jet orifice. 
This negative pressure region acts to reduce the lift force on 
the flat plate and the asymmetr ical pressure distI ibution fore 
and aft of the jet tends to produce a nose-up pitching moment. 
The tendency is for both the pitching moment and the: lift Ions to 
increase with increased free stream velocity CIO}. This rcaul t 
is verified by Fearn and Weston (35), ~nd is apparently due to 
the 9rowth in the raegative pressure area to the side and behind 
the Jet orifice and the decrease in both magnitude and area of 
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the positive pressure region ahead of the jet. Also shown by 
Fearn and Weston is the exiE.ltenc~ of "a large radial component of 
the pressure gradient in the region close to and to the side of 
the jetR• This, as previously mentioned, is a result of the pair 
of vortices formed by the elttr(~me rnbdng action on the sides of 
the jet. 

An interesting obnervation made by both Fearn and Weaton 
(35) (flat plate) and Hikolousky and McMahon (44) (wing jet) is a 
RhookR in the surface presoure distribution in the wake region of 
the jet. As shown by the wing-jet analysis using flow visualiza­
tions, the presence of a Rstanding vorteg" is verified for an 
angle of attack of go and a velocity ratio of 2. 

As noted by Mikolowsky and McMahon, for a jet exiting normal 
to a win~ lower Gurface in cross flow (44), the lower surface 
positive pressure region upstream of the jet increases in size 
for velocity ratios less than six with no corresponding effect 
measured in the nonlifting flat plate case. The large pressure 
region results in a lift augmentation and thus an increased 
positive pitching coment. For velocity ratios greater than six, 
the flat plate resulta and the lifting-surface results correspond 
closely. The jet induced effect on the wing upper surface was 
characterized by small induced suction pressures, the level of 
which was found to be invariant with changes in velocity ratio, 
jet location and angle of attack. Thus the major contributor to 
the Observed aerodynamic interference behavior is the change in 
jet induced pressures on the surface exposed to the jet efflux. 
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3.0 PROGRAM DEVELOPMENT 

3 .1 G.en.e..ml 

The basic jet model in the VSAERO program consists of a 
doublet sheet located on the jet ~boundary~o The doublet distri­
bution in the jet axial direction is lin~ar--thia represents 
constant vorticity, i.t!., it rcprencllta the shear in tangential 
velocity bet\'leen the inner jet velocity and the external local 
flow velocity. At the outset, the linear and axial doublet 
distribu'.:.ion was represented in the program as a stepwise con­
stant model using flat panels with un~form doublet distribution. 
With this model the solution was often sensitive to jet panel 
arrangement, eopecially when the jet was in close proximity to a 

, soU.d boundary. During the course of this wo~k, therefore, the 
model was changed so that each jet panel no,'1 has a linear doublet 
distribution in the j~t axial direction. The jet panels are 
still described in a vertical wake-grid-plane structure which is 
rather restrictive in applications to large cross-flow angles. 

The location of the initial jet trajectory was an input in 
the basic code. While this is reasonable for jets that arc 
esaentially streamwise, it is rather tedious for cases with high 
jet deflection angles. Also, in the latter case, a poor initial 
jet location could lead to a lengthy i tera tion process to get a 
converged solution, or it could even lead to a divergence. 
During the course of this worlt, therefore, a procedure has been 
installed in the code which generates the jet surface geometry 
around a jet centerline geometry based on Margason's (16) empiri­
cal model. The procedure allows an expansiori factor to be speci­
fied to represent the effects of jet growth as a function of 
axial distance. This procedure t\fas applied in the cases of the 
jet issuing from a flat plate (Section 4.1) from a round body 
(Section 4.2) and in the later runs of the Grumman 698 configura­
tion (Section 5.1). 

Further model changes were made during the course of the 
method evaluation and validation. In particular, the jet poten­
tial core region ~as represented by using a solid boundary model, 
thus allowing the effects of initial entrainment on surface 
pressures to be more accurately modelled (see Section 4.1). 
Guidelines for the height of the solid core model were taken from 
Fearns correlationa \'lith respect to jet velocity rat.io. It aloo 
allowed the effects of downstream separation behind the jet to be 
represented. Other detail changes included a modification to the 
way the jet doublet model allows the shed circulation to be 
superimposed. These changes significantly 'improved the calcu­
lated results on the STOL fighter configuration, particularly in 
the presence of the large offset bet\.,cen the upp~r jet exit lip 
and the lower jet boundary, leaving the flap trailing edge 
(Section 5.3). For the most part, such modellin~ details were 
first examined in a two-dimensional pilot code (described below) 
before being installed in the VSAERO program. 
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Finally, some detail changes were made to the wake relaxa-· 
tion procedure ,.,hich BignificaI1tly improved the jet trajectory 
calculation (Section 6.0), houever, the vertical wake-grid-plane 
structure of the basic method ia now the major obstacle in 
treating jets with large croBs-flow angles. New work is planned 
to install an alternative and more general wake/jet structure in 
the program to remove this problem. 

3.2 ~Q-DimensiQnal Pilot Code 

The pilot code was generated using the two-dimensional 
equivalent of the VSAERO program1 solid surfaces are represented 
by flat panels with uniform source and doublet singularity dis­
tributions. Jet boundaries are modelled by a number of flat 
panels each having a linear doublet distribution (i.e., uniform 
vorticitY)1 the doublet gradient or vorticity value ( a VOUTER -
VJET) is specified b~ the user. The source values on the solid 
boundaries are determ~ned by the external Neumann boundary condi-
tion. Non-zero normal velocities may be specified to represent 
the effects of inlet inflow and jet outflow: The doublet values 
on Bolid boundaries are determined by solving a set of simul­
taneous e~uations specifying zero perlurbation potential at a 
control po~nt underneath each panel cer'.ter. 

The pilot code was utilized to determine the numerical 
otability of the jet r-odel as well as the accuracy of the calcu­
lation. Detailed model changes were first tested in this code 
prior to being installed in the VSAERO program. 

3.3 TWQ-DiI!lcnsional.,R.esults 

Results from the two-dimensional jet model pilot code are 
~resented for a 12 1/2t ~hick elliptic cylinder with a slotted 
Jet exiting from the lower-surface trailing edge as shown in 
Figure 13. The airfoil is at zero degrees angle of attack with 
the jet at an exit velocity of 1.5 times the freestream velocity 
and at an injection angle of 31.4 0 from the horizontal. A com­
parison is shown with the work d-one by D.A. Spenr.e using thin 
airfoil theory including a vortex sheet representation of the jet 
boundary. A thiclmess cor rp.ction has been applied by Spence to 
correlate with the experimental data. 

The correlation between theory and experiment for the two­
dimensional pilot code is as good as the Spence theory for th~ 
lower surface and shoWG an improv~ment over the Spence resul ts 
for the upper-surface p.:essures. The discrepancy seen in the 
lower-surface region nea( the jet is possibly due to the entrain­
went of mainstream fluirl, which is not modelled in the present 
treatment. Variation of the wake length proved to be a sub­
stantial factor in the overall solution stability. This is due 
to the fact that ir the two-dimensional. ase the wake in the 
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streamwise direction har; been truncated at some finite length, 
whereas the spanwise component is at infinity. It has been shown 
by experience with the separated flow problem to be purely a 
consequence of the two-dimensionality of the model and will 
disappear when considering the three-dimensional case. A single 
wake filament is attached at either edge of the slot to model the 
jet thickness • 
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4.0 VSAERO METHOD EVALUATION 

4.1 Simple T~st CaGe: flat p~ 

Due to the complexity of the jet-in-crossflow problem, 
namely, the close coupling between the entrainment rate and 
the separated flow region and how this coupling affects the local 
pressure distribution, the simple flat plate configuration was 
employed in this p~ase of the analysis (see Figure 14). 

This configuration was utilized to determine the effects of 
each modification made in the analysis with VSAERO. In!~ially, 
the jet was allowed to exit normal to the surface with th~ 
improved jet wak£: model available in VSAERO. 'fhe surface 
pressures local to the jet orifice did not correJate well with 
the experimental data due to the form of the wak~ boundary 
condition enforced by VSAERO. For the jet-in-crossflow proolem, 
one of the dominant features is the property of the relCltively 
high energy jet to induce local flow tangency. The flow tangency 
boundary condit:.on implied in the VSAERO wake formulation is not 
sufficient in the potential core region where tle angle between 
the jet efflux and the onset flow is at or near 900. 

A modification uas made to the potential core region (Figure 
15), to bettet' enforce this flO\'1 tangency boundary condition as 
well as to allow entrainment and separation to be modelled in the 
high-enel:gy };otential core region of jet development. 'l'he advan­
tages of representing the potential core region by a s~lid "body" 
panel arrangement have been SUbstantiated by thi~ analysis. 

The pressure coefficient was plotted in Figure 16 for the 
flat plate configuration at a radj~! distance to nozzle diameter 
ratio of 0.7 for a jet velocity rat~o of 8.0 and an injection 
angle of 900. The advantages of the solid body pote,tial core 

. model are clearly sho';!'n when comparing the e.:periMental Cp dis:· 
tr ibution with the VSAZRO reaul ts. Sl!bstantial improvement ia 
seen when an entrainment model is enployed as compared to the 
VSAERO results with no ent~ainrnent model. The results wit~ 
entrainment model indicate a problem with the mngnitude of the 
normal velocity specified on the front face of the potential 
core. Specifically, the normal velocity on the front face is too 
low in magnitude resulting in a higher positive Cp than e:<peri­
ment and a ~ower entrainment rate. AlleViating the cause of thio 
discrepancy is viewed ae a refinement to the preliminary entrain­
men t mode 1. 

The doublet stre~qth derived by Wooler (see Eqn. (23), Ref. 
15) was used to deterriline the vortex pair normal velocity com­
ponent in the potenti.l core region; Le., the peripheral varia­
tion of normal velocitJ, and the source/sink distribution derived 
by Dietz (see Eqn. (] 8), Ref. 31) \las used to determine the 
remaining normal velocit~ component due to the nfree-jet n en-
trainment effect. The "free-jetn entrainment effect is the en­
trainment of mainstream fluid through turbulent shear resulting 
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from the difference between the jet velocity and the local main­
stream velocitr. The source distribution accounts for normal 
velocity variat on along the jet length. 

Excellent correlation with experiment is seen in Figure 16 
when a separated wake model io coupled with the entrainment model 
as previously described. The separated wake was attached 
vertically along the solid potential core at an approximate angle 
of 1300 from the onset flow direction (Figure 17). The pressure 
peak at e ~ 900 was ~educed in this configuration when compared 
to the cap. with no wake. This is due to the isolation of the 
rear face of the potential core within the separated zone and 
thus the loss of nome of the rear entrainment effects. This 
reduction in entrainment rate ia related to the front face 
anomaly, and is expected to improve after further analysis with 
the coupling of entrainment and separated wake models. 

This configuration is examined further in Section 6.0 in 
connection with jet trajectory calculations. 

4.2 Simple Tpst Case: Body of Reyolution 

The body of revolution (25) as shown in Figure 18 was 
analyzed in a similar manner with the exception of the separated 
wake which was nol included with this configuration. As an aid 
in visualizing the flow characteristics in the neighborhood of 
the jet, surface velocity vectors have been plotted on the body 
of revolution in Figure 19. The velocity contours behave in a 
consistent and accurate manner as verified by the pressure dis­
tribut~on and similar experimental velocity vector plots on the 
flat plate configuration (25) with the exception of the velocity 
vectors located at the front of the jet orifice. This is again 
related to the inaccuracy of the entrainment model on the frontal 
region of the potential core zone. 

A series of pressure cuts were taken parallel to the flow 
and presented in Figures 20 through 24 with the experimental 
pressure trends plotted for comparison purposes. The problem 
with the entrainment model in the frontal area of the potential 
core is again very evident from the calculated stagnation Cp 
diatribution near the jet orifice. The discrepancy in the rear 
region of the jet is due to the lack ofa separated wake model in 
this yarticular configuratiun. At a yin of .48 and greater, the 
corre ati0n with experiment is very good when taking into account 
the model inadequacies as described above. 
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Figure 19. Body of Revolution with Round Jet and Entrainment Hodel; Velocity Vector Contours. 
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4.3 Summa G: 

Further analyois is required with the separated wake and 
entrainment model combination to improve the correlation in the 
upstream and downstream region near the jet orifice. The simple 
configurations utilized in this ~n~2ysic proved to be very useful 
for determining the jet-in-crossflow ctaracteriatics in a simpli­
fied three-dimensional environment. 
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5.0 PROGRM1 VALIDATION 

5.1 VSAERO Analysis of Grumman DeSign 698-4]1 

5.1.1 Configuration 

The Grumman design 69B-4l1 full-scale, tilt-n6celle V/STOL 
model was analyzed using the thrce-dimension~l potential flow 
program VSAEROeThe model was tested at the NASA Ames Research 
Center in the 40- x 80-foot wind tunnel and the NASA Ames outdoor 
static stand in 1981 (27). 

To help visualize the complexity of this configuration a 
series of figures are presented which describe the progression of 
the vs~eRO panelling from the relatively "simple" c!ean con­
figuration to the very complex configuration with nacelles at 
500. This series is presented in Figures 25(a) through (i) with 
a summary of the conflguration specifics presentp.d in Table 1. . 

LABEL GENERAL DESCRIPTION a(DEG) oN (DEG) Veo (KTS) VF/Veo 
Case A Fuselage/Wing/Tail 0.0 

Case B Fuselage/Wing/Tail/Nacelle 0.0 5.0 100.5 2.57 

Case C Fuselagc/Wing/Tail/Necelle 12.0 50.0 104.0 2.39 

Case 0 Fuselage/Wing/Tail/Nacelle 16.5 50.0 100.0 2.30 

Table 1. Grumman Design 698-411 Configuration Summary. 

The configurations labelled Case A and Case B (which corre­
spond to Figuren 25 (a), (b), and 25 (c), (d), respective.1Y) ",ere 
used mainly to determin~ the nacelle-on and nacelle-off charac­
teristics and also to examine the numerical stability of the 
panelling arrangement. As shown by Figure 2S(c), the all movable 
horizontal tail could pone a problem with regard to the root 
junction when the horizontal tail angle setting is modified to 
fit the particular flight condition under analysis. Specifically, 
the panelling arrangement in the veL tical ntabilizer/horizontal 
tail junction would require modification for each tail angle 
setting. Due to the i~ternal Dirichlet boundary condition of 
zero perturbation potential "inside" the body as applied in 
VSAERO (9), this "Tn tail design allowed for a rather unique 
panel arrangement. A simple test case was ,un usin9 program 
VSAZRO to determine the behavior and numerical stability of a 
particular wing/body junction ~hich has direct application to the 
"Tn tail j~nction present in this configuration. For eaGa in 
analysis, the vertical tail was panelled up regardless of 
horizontal tail location. The open end of the horizontal tail 
was then "butted" up againBt the vertical ~ail, aD shown by 
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the inset in Figure 2S(c)v This simplified arrangement allows 
for the horizontal tail defle~tion angle to be changed (de­
pending on the flight condition) with no modification of the nTn 

tail junction. The ~tability. of this model was verified. 

Cases C and D are related in tha\: l:he nacelle angle in both 
instances is set at +50 0 r but for Case D a considerably more 
realistic jet geometry has been added to the configuration. A 
subroutine has been added to VSAERO which calculateD the jet 
trajectory and jet geometry baaed on the initial jet injection 
angle and jet velocity. The trajector¥ coordinates are calcu­
lated based on ~n emplrical jet centerllne equation developed by 
Margason (16). A linear factor may also be applied to the circu­
lar jet diameter at th~ user's option to expand the jet boundary 
and thus geometrically simulate entrainment as shown in Figures 
25(g) through (i). 

5.1. 2 Results 

Comparison with experiment was limited due to the absence 
of fuselage or wing exper~mental pressure measurements except fo: 
the fuselage bottom centlrline uith the model in ground effect. 
Since ~he analysia of t.he :rumman configuration ira ground effect 
was not included in this study, VSAERO wan utilized to examine 
the jet-induced effects of the TF34-100 Turbofan nacelle, whic~ 
was treated thoroughly in the experimental analysis. 

For Case C, \-1ith the nacelle at an absolute angle of attack 
of 620, (see Figurea 25(e), (f» excellent correlation with 
experiment waG found. The ratio of local static pressure to 
ambient total pressure was plotted against a nondimensional dis­
tance parameter along the bottoD centerline of the TF34 engine 
inlet and is presented in Figure 26(a). Further corrolations 
with experiment are presented in Figures 26(b) and (c) for the 
TF-34 engine inlet. The TF-34 inlet characteristics under both 
isolated and installed conditions are documented ifi the experi­
mental study (27) and are treated in Section 5.2 of this report. 

The nacelle-on/nacelle-off characteriBticG are ~reBented in 
Figures 27 through 310 A comparison of the wing praesure di3tri­
but ion at a spanwise location of 70.0, which is approximately 
located at the nacelle centerline, is shown in l?igure 2'1 (a) and 
(b). ~his Cp distribution indicates a considerable looa in lift 
for the engine inotalled configuration. A negative sectional 
lift coefficient \lilS maintained (as calculated by VSP.ERO) from 
the wing root junction to a spanwiae location just outboard of 
the initi~l flap station for the engine-installed configuration. 
Due to the forward location of the nacelle with r~Bpect to the 
wing leading edge (see r-igure 25(d», the wlnq receiven a 
downwash velocity, thua resulting in neg~tivc lift ~hroughout the 
wing inboard stations. Thio lift degradation pLeoent in the 
close-coupled nacelle/uing region for the cruiuc configuration 
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( a) V~ = 104 kts., WK = 281 lbs./sec. 
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(b) Voo = 99 kts., WK = 262 Ibs./sec. 
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(c) v~ = 79 kts., WK = 236 Ibs./sec. 
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was not reported in the experimental study due to the absence of 
wing pressure taps. It should be noted that an analysis of the 
wing surface pressures and fu~thcr analysis of the fuselage 
surface pressures has been proposed for a future experimental 
study at NASA Ames. 

A buttline cut through the symmetrical horizontal tail sur­
face verifies that the tail is sct at zero degrees angle of 
attack as shown by Figure 28(a) for the nacelle-off configura­
tion. The slight downward loading evident on the tail leading 
edge is possibly caused by ~!ing-induced downwash. The nacelle-on 
effects (see Figure 28(b» lndicate the presence of an upwash 
field at the tail producing tail lift. This upw8sh field is the 
result of a change in sign of the inboard wing loading (see 
Figures 27(a) and (b» which is caused by the presence of the 
nacelle in the cruise cC'ndi tion (~ = 5.00). 

The fuselage/nacelle interference effects are evident when 
e~amining the fuselage up~er surface pressure distribution as 
presented in Figures 29 and 30. This indicates an increase in 
velocity for the nacelle-installed configuration. The jet-in­
duced effects on the fuselage underside are shown in Figures 
31 (a) and (b) for nacelle deflection angles of 5 and 50 degrees. 
The suction peak evident in Figure 3l(b) for the nacelle deflec­
tion angle of 50 0 is induced by the close approach of the jet 
wake which is passing within one jet diameter of the fuselage 
centerline as shown by Figure 25(g). The suck-down effect is 
expected to increase when entrainment of mainstream fluid is 
included in the jet wake model. 

A preliminary comparison between e~perimental and calculated 
force and moment is shown in Figure 32 for the power-off config­
uration. The calculated lift and drag values show the correct 
trend but are on the low side. The pitching moment looks good at 
low lift but has a large discrepancy at the higher lift value. 
Even-so, the correlations are encouraging; there are areas of the 
configuration surface that require more p-recise geometr.ic defini­
tion, e.g., foniard ft: Jelage and nac,,;:lle support structure, 
before more serious correlations ar~ attempted. Als06 modelling 
of separated flow areas--predicted by the analysis (e.g., Section 
5.2.2)--needs to be pursued. 

5.1.3 Summar.". 

Very good correlation with ey.periment was found for the 
nacelle inlet conditions at an angle of attack of 620 to the 
cross flow for the complete Grumman configuration analyzed \d th 
VSAERO. A negative wing loaning was calculated by VSAERO for the 
cruise configuration f~om the wing root to a spanwise station 
just outboard of the fir st flap sta tion. This condi tion could 
not be verified due to the absence of experimental wing pressure 
data, but is justified ~y the forward location of the nacelle 
with respect to the wing leading edge. 
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A qualitative picture of the jet-induced effects on the 
Grumman fusbJage were determined by the analysis with VSAERO, but 
correlation with experiment is limited to lower fuselage center­
line pressures in ground effect which was not treated in this 
study. 

The computing time for the complete configuration was 190 
seconds on the CRAY l-S. The calculation involved 1760 surface 
panels on one side of the plane of sycmetry and included 24 
streamline and boundary layer cillculations (discussed in 5.2) • 

5.2 TF34-100 Streamline and Boundary Layer Analysis 

5.2.1 Configuration 

Due to the high angle-of-attack environment present in the 
Grumman tilt-nacelle V/STOL design, the inlet performance is a 
critical parameter in determining the transition capabilities of 
the aircraft. Utilizing the coupled streamline and boundary 
layer procedure avail'.1!:>le in VSAERO (45) (46), a preliminary study 
was undertaken to determine the inlet and external engine cowling 
boundary layer characteristics for both nacelle-alone and na-

- celIe-installed configurations (see Figures 33 and 3~). Although 
not required in the statement of work, it was determined that the 
prediction of nacelle inlet performance characteristics with 
VSAERO warranted a brief but concise examination. The complete 
test conditions are summarized in Table 2. 

Configuration 
Description 

Nacelle Alont: 

Complete 
Configuration 

Total Nacelle 
Angle of 

Attack (deg) 

45.0 
56.5 
56.5 
76.5 

76.5 

Specific Air- Inlet Fan 
flow (tiK/ACAP) Velocity 

Ratio 
(VF/V) 

0.14 2.12 
0.14 2.12 
0.18 2.73 
0.20 3.03 

0.20 3.03 

Table 2. Streamline and Boundary Layer Test Conditionsy 
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5.2.2 Results 

The operational boundaries of the TF34-l00 nacelle as calcu­
lated by VSAERO correlate well with the results from wind tunnel 
tests of the Grumman design G98-411 tilt-nacelle V/STOL model 
conducted at NASA Ames (27). The operational boundary of the 
TF34-100 nacelle, which is determined by the onset of separation 
in the engine inlet, is described in this case by a plot of 
nacelle absolute angle of attack as a function of engine specific 
air flow. The VSAERO reBults for a frcestrearn velocity of 100 
knots are presented in Figure 35 along ~ith the appropriate test 
data. 

A possible explanation for the scatter in the experimental 
data as shown by Figure 35 involves the nacelle/fuselage inter­
ference. As previously mentioned the parameter plotted on the 
ordinate is the "absolute" nacelle angle of attack which consists 
of the nacelle angle of attack re~ative to the fuselage reference 
line (ON) and the configuration angle of attack (a). The data 
scatter, therefore, may be produced by varying both oN and a with 
oN being in a sense a measure of the degree of nacelle/fuselage 
interference. To emphasize this pOint, the nacelle/fuselage 
interference effects wete "minimized" by setting a to zero and 
oN to 76.s o .(This may not necessarily be a minimum but the fuse­
lage-induced uptlash will be reduced relative to a case with a set 
to, say, 12 0 and oN set to 64.50

.) The inlet boundary layer 
results indicate only a very slight difference between the 
nacelle alone and the nacelle installed configurations as indi­
cated by Figure 36, which is a plot of skin friction coefficient 
(e fn ) as A function of streamline length (S) for both cases. The 
inlet separntion zone for both nacelle alone nnd nacelle instal­
led is presented in Figure 37. These plots indicate the rela­
tively small difference in the inlet flow environments between 
the isolated and installed nacelle when the fuselage/nacelle 
interference is minimized in the latter case. This appears to be 
a likely explanation for the data scatter experienced in the 
experimental study and indicative of a "family" of inlet per­
formance separation boundaries with varying alphu& 

In the potential flow calculations a range.of inlet flow 
conditions is represented by one solution in which the inlet 
velocity is normalized by the free-stream velocity. By dividing 
the specific airflow by the free-stream velocity magnitude, the 
experimental inlet separation boundaries for a range of fo~ward 
flight velocities were found to colla~se onto one plot shown in 
Figure 38. It may be inferred from thls interesting characteris­
tic that ·the model need not be tested at a full range of free­
stream velocities to determine the overall inlet performance 
envelope. A sampling of wing tunnel data to verify a full analy­
sis with VSAERO would free valuable wind tunnel operation time 
and thus allow for other important aspects of this ~onfi9uration 
to be examined. 
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In general a viscous/potential flow iteration tends to 
result in a boundary layer degradation for the TF-34 nacelle 
inlet as shown by a plot of ern as u function of 5 in Figure 39. 
The application of VSAERO to external flows such as wings at high 
angles of attack produ~~~ a general improvement in the boundary 
layer parameters after a viscous/potentia! flo\., iteration with 
convergence rcached after an appropriate number of cycles (-3-5) • 
The explanation for the d~gradation in the inlet flow conditions 
after the source transpiration/potential flow cycle 19 apparently 
associated with inlet flow continuity. A plot of the resultant 
velocity along the inlet centerline lo~er lip for both the in­
itial solution as well ao the Golution uith one viocous/potential 
flow iteration revealn a general slow-down of the inlet velocity 
in the latter case (see Figure 40). With the fan face velocity 
constant throughout the calculation (as specified by the user) 
the introduction of fluid by the source transpiration technique 
results in a reduction in the inlet flow velocity thus satisfying 
continuity in the inlet. The boundary layer seen thio inlet 
velocity reduction as an equivalent reduction in mass flow (or a 
shift to the left on the inlet separation boundary plot with 
a~EP constant) thus resulting in inlet boundary layer deteriora­
tlon. Thin blockage effect may be alleviated by incrementing the 
fan face velocity based on the amount of additional fluid intro­
duced during the viscous/potential flow cycle. Also requiring 
further study and related to this analysis phenomenon is the 
source transpiration modelling beyond separation. Currently the 
source values are set to zero beyond separation but the feasi­
bility of a source model coupled with the boundary layer 
parameters at separation should be examined. 

The adveroe effect of the close coupling between the nacelle 
and fuselage is clearly shoun by the behavior of streamlines on 
the externlll engine cowling. In particula~, flo\,1 asymmetry, a 
direct consequence of the fuselage induced upwash, was observed 
in experiment when comparing the inboard and outboard engine 
co,.,ling aa !1cll as being indicated by the VSAERO calcul~tion for 
the full configuration which is shown in Figure 41. The inboard 
external stre~mlines are Dbscrved to separate earlier for the 
nacelle-installed condition as compared to the nacelle-alone 
environment. Since the streamlines on the inboard side of the 
engine cowling are in the presence of a crude representation of 
the dumbbell support structure for this analysis, further insight 
into thc adverse effects of the nacelle/fuselage interaction 
would require a more accurate panel representation of thin 
nacelle support structure to ensure an .l!ccurate analyti.cal en-
vironment. ' 

Jet-induced power effects as calculated by VShERO are clear­
ly shown by observing the behavior of the external streamlines 
with a change in engine mass flow (see Figure 42). With a 50% 
increase in mass flow the engine cowling separation zone de­
creases in size due to the increase in the caoture area stream 
tube and a reduction in spill~ge. • 
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Typic;',). boundary 10lyi~t calculritions for attached inlet flow 
conditions are ohown in Plgurc-43(a) and (b) for Cf and from 
factor (8) as a function of s. 0 

5.2.3 Summar~ 

'Promising resulta were obtained for the streamline/boundary 
layer ana~ysis of the TF34-1DO tilt-nacelle at a full range of 
flow conditions with the nocolla at high angles of attack. Tl:is 
study hasohown the econony in utilizing VSAEQO for the analysis 
of the full configuration performance characteristics and the 
results are verified by existing experimental data. The nacelle­
alone calculations involved 784 surface panels on one side of the 
plane of symmetry and included 24 atrearnlinp./boundary layer cal­
culations. These calculatione-, were made on a PRIHE550 rninicorn- . 
puter and tool\: 8200 Cll seconds, ,,,hlch is equlvalentto about 82 
seconds on the CRAY. 
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,.3 !be A9Plicati\~~liP~et Model in VSAEB~ 
A"alyze a £..o1teJ:!lrL.STOTi r} gl1tl":..t 

5.3.1 .cmltiguratjoo 

Tl.e STOr. (Sh.nt Takeoff and Landing) Fighter Model war. 
designed as a 3/4-size representation of a ~igh-pcr~ormance 
supersonic fighter aircraft. A drawing of the mcjcl is s~own in 
Figure 44. The. salient feature of this aircraft is the vectored·· 
~ngine-ovel:-t'Hng (47) propulsion system. In this con .... ept the 
engine efflux impinges on the inboard plain fla~, leading to a 
change in the thrust vector wheneve~ the flap is deflected. 

Thrust is ~rov~ded by two General Blectric J-97 turbojet 
engin~3 installed in podded nacelle£. over the wings. Eac!. engine 
has a rated thrust of 14,011 Ii at a nozzle pressure ratio of 2.7 
and an exhaust gas temperature of 650 c. T~e engine no~zles ar3 
c~nstructed to simulate the flight configurati~n during STOL 
operation. These nozzles, which are illustrated in Figure 45, 
are two-di~ensiona~, convergent-divergent, wedge nozzles with a 
thr.oat cross-sectional aspe~t ratio of eight. Th~ nnzzle duct 
has a throat area of 120 in.2, a fixed diffusion ratio of 1.09, 
and an exit angl~ of 250 ~ownward. The primary-nozzle ~xit plane 
is located dirEctly above the win~ inboard-flap hinge line. 
Spanvise-blouing nozzles were provlded ";'0 the sides of the na­
celles, bUe their use will not be consiuerea. 

The fuo~la~~ is blended into b~oad fuselage strakes which 
extend well for\:lard because o.~' thf''l r 71 0 leading-edge mveep. The 
large nacelles outboard of the atrakes house the propulsion 
sys~em and ~ct as mounts for the canarc q • The canards have a 
leading-edge (weep of 450 a~, ~ (.ould be attached in three oosi­
tiona: fort/olrd, in~:ermediate and aft. Figure 44 s:.ows the 

. cdnards mountea in th~ forward position. The canards are 
situated 1.2 ft. above the .ling plane. 'Ihe \,ling6 have an aspect 
rat~o of 3.2 and also a moderate leading-cdge sweep of 400. Eoth 
wing aad canard have thin airfoil s2ctions. 
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5.3.2 Wind Tu~ 

The STOt Fighter Model was tested in the Ames 40 x 80-foot 
wind tunnel as reported in Ref. 26. Before proceeding \dth the 
results of the analysis a review of the pertinent a~ipects of the 
wind tunnel investigation is worthwhile. Summaries are also 
available in Refs. 48 and 49. 

The mOdel was equipped with pressure taps to measure the 
surface pressures on the port canard, wing, nozzle flap, beaver 
tail and strake. The location of the taps is presented in Figure 
46. Total pressure rakes on the nozzle and flap measured the 
engine exhaust. Temperature readings were also taken on the 
beaver tail and wing. The pressure readings indicated that 
except at very low angles of attack (less than 3°) weak leading­
edge vortices existed over the canard and wing. A stronger 
vortex existed over the strake leading edge. Each separation 
produced a loss in leading-edge suction, but more negative pres-
sures just behind the leading edge on the upper surface. . 

Power-on tests were conducted at only two thrust settings, 
3370 and 3860 lb (engine pressure ratios of 1.8 and 2.0). The 
thrust coefficient was varied by changing the tunnel dynamic 
pressure. The variation in tunnel velocity introduced some-ef­
fects due to changes in Reynolds number. The effect of Reynolds 
number was investigated in power-off runs made at the same 
velocit-y as t.he test at Ct=1.4 •. These power-off tests had the 
lnlets open Wlth englne freewheellng. 

The convergent-divergent nozzle at an engine pressure ratio 
of 2.0 issued the flow in an overexpanded state at a discharge 
Mach number of 1.35 with oblique shock waves then reducing the 
flow to subsonic speeds. The static pressure profiles on the 
flap indicated that t~e transition to subsonic flow occurred 
upstream of the first pressure tap. 

For angles of attack below 160, increasing pO\-ler induced a 
small but consistent increase in canard lift. On the wing at low 
angles of attack with the flaps undeflected, adding power in­
creased the upwash Blightly. The outboard taps showed little 
power effects in th~ region of the aileron but strongE'':" induced 
upwash with its consequences evident forward on the chord. The 
spanwise taps indicated there was an almost uniform reduction in 
pressure over the span due to power at high angles of attack. 
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5.3.3 Aerodynamic H.Q.tic1.. 

The geometry of the STeL I:'J.ghter Model was provided to 
Analytical Methods by the NASA Ames Research Center in the form 
of the coordinates of the panel corners. The panelling scheme 
for the model, some 700 panels, in shown iri Figure 47. This 
panelling was used with a few minor changes in VSAERO. The 
geomecry specified the canard in the aft position, and all 
control surfaces were undeflected. 

The inlet and the nozzle face, that is, those panels which 
have nonzero normal velocities, are flush with the inlet and 
nozzle lips. The inlet, designed for supersonic operation, is 
panelled at an inclination of 600 to the free stream; and, as was 
stated before, the nozzle directed the exhaust downward at an 
angle of 250, while the exit panels are almost vertical. The 
importance of this is that better results are usually obtained if 
these panels are aligned perpendicul~r to the local flow. This 
requires submerging the inlet and nozzle panels and adding 3hort 
ducts. For the present study the simpler geometry was retained, 
but detailed studies of the flow in these regions should be 
deferred until these improvements are made. 

The wakes attached to the model are shown in Figure 48. 
Normal lifting-type wakes are attached to the trailing edge of 
the canard, beaver tail and wing. In addition, a jet wake is 
attached to the trailing edge of the inboard flap and the lip of 
the nozzle. The jet wake in this case has a constant vortici ty 
distribution on each panel. The vorticity is the difference 
between the external velocity and the jet velocity. This dif­
ference is specified as an input to VSAERO. A rigorous analysis 
would also include wakes from the leading-edge separations on the 
wing, canard and strake that were noted in the wind tunnel. 
These have been omitted in order to concentrate on jet-induced 
effects. 
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5.3.4 Derivation of Jet Vclo~ 

The power-on tests as we have seen were run at a constant 
engine pressure ratio of 2.0 corresponding to a thrust of 3860 
lb. The pressure ratio at the nozzle exit will be 1.B according 
to the calibrated duct and nozzle losses (50). Assuming the 
static pressure over the flap is near ambient, the exhaust, once 
it has compressed from its overexpanded state, will have a Mach 
number of about 0.9. At a total temperature of 1600 R the ex­
haust velocity will be some 1500 ft/sec, varying slightly with 
the thrust coefficient, Ct. This is verified by the effective 
exhaust velocity, 

Ve = T/m 

where m is the exhaust mass flow, approximately 40 lb/sec/engine. 

From the equation 

T 

Ct = 

the wind tunnel thrust of 3860 lb implies 

1 

Vinf = 133 ft/sec {Ct. 

So, the ratio of the exhaust velocity to freestream velocity is 

V jet/Vinf :: 11 -{Ct. 
This was the jet velocity used in VSAERO. The velocity external 
to the jet \H:S estimated to be the velocity on the nacelle just 
upstream of the jet, which turned out to be slightly higher than 
freestream. 

Certain improvements to this model are obvious. First, the 
jet velocity and vorticity should vary ao the exhaust compresses 
or turnc. Second, the compressible nature of the jet should be 
represented in the calculations. Entr.ainment should also be 
included. Nevertheless, much of the jet effects can be repro­
duced by this model, as will be seen. 

The static calibration of the wedge nozzle measured the 
exhaust jet thickness at the flap trailing edge. It was found to 
have the same height, and therefore approximately the name cross­
sectional area as the nozzle. This is consistent with a high 
subsonic Mach number in the exhaust. 
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It should be painted out tha~ from the throat area and 
diffuser ratio we ~an derive the area of the nozzle exit plane as 

Ae lC 

120 in.2 (1.09) 
--------------- ~ 144 in~2 

cos 250 

The nozzle panels specified in the geometry extend from buttline 
30 to BL 66 and from waterline 30 to WL 42 which leads to a 
cross-sectional area of 432 in.2 This is three times greater 
than the derived area. Again, further analysis should be pre­
ceded by a review of the panel geometry. 
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5.3.5 VSABR~1~ 

5.3.5.1 Power-Off Calcl~~ 

The first step in t}le analysis of the STOL fighter was a set 
of power-off calculations at several angles of attack. When 
compared to the experiment, Figure 49, the lift slope is about 
15% less than experim~nt. More noticeable is that the predicted 
angle of zero lift is about 1.30 higher than experiment. The 
lift versus pitching moment curve, Figure 50, has a very good 
correlation. This curve, which is independent of the angle of 
zero lift, tends to indicate that there is an inconsistency 
between the angle of attack stated in the experimental results 
and that used for the calculation. 

Further argu~ents for an inconsistency are found in the 
pressure data. For example, the canard pressure taps in both 
experiment and calculation were found to be influenced little by 
power effects (Figure 51). From this it can be inferred that the 
inlet spillage and, hence, the upwash induced by the nacelle does 
not af fect the canard under thi s condi tion. Yet, at zero angle 
of attack and zero incidence, the experimental pressures around 
the symmetrical airfoil indicate the canard is generating sig­
nificant lift; whereas the calculations show almost no lift. 
When a prediction is made for the canard at an angle of attack 
which reflects the assumed error, the comparison, Figure 52, is 
quite good. At angles of attack much larger than the error, 
Figure 53, the comparison is good, but the calculation is still 
consistently lower than experiment. Pressures on the wing also 
compare much better if the angle of attack llsed in the calcula­
tions is 1.80 higher (Figure 54). 
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Figure 53. Power Effects, Wing Flaps Neutr~l, a = 4 deg. 
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Figure 54. Power Effects, Flaps Neutral, Spanwise, a = 0 deg. 
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v. 

5.3.5.2 ~wer Effects 

Figures 55 through 62 compare the effect of increasi~g 
engine thrust on the pressure distribution over the canard, wing 
and strake. The difficulty in perceiving quantitative effects 
from the experimental data m~kes such a comparison difficult, but 
the qualitative effects predicted in the calculations is vir­
tually the same as experiment. 

Figure 55 shows the canard pressure distribution at various 
power settings. The trend for both experiment and theory is one 
of small, but COnSl13tent increases in lift with increases in 
power. At this higher angle of attack, the leading-edge separa-
tion in the wind tunnel reduces the suction on the upper surface 
over the leading edge: \~hereas the analysis maintains a high 
suction associated with actached flow. The lower-surface pres­
sures compare well. 

The calculated pre£sure trend on the wing outboard station 
(Figure 56) agrees with the experimental data in indicating a 
significant effect on the outboard leading edge, but little 
effect on the aft portion of the airfoil. The greatest influence 
of the jet is in the inboard wing chord, Figure 57. Power re­
duces the pressures over the entire chord. 

The wing spanwise data (Figure 58) show that the jet influ­
ence extends far out on the wing at 80 angle of attack with more 
effect inboard near the nacelle. The calculated power effect is 
very close to the measured effect. 

The strake calculations predict that only the area near the 
nozzle exit is influenced by power effects (Figure 59). This is 
confirmed by the experimental data. The strong leading-edge 
separation on the strake is very apparent. 

At a lower angle of attack the results are mu~h the same. 
Figure 51 shows the correlation between experir.lent aud theory for 
the canard pressures. The results for power-off were almost 
identical to those at Ct=I.3 and have not been graphed. This 
shows again that power effects had little influence on the 
canard. 

Figures 60 and 61 show the wing chordwise pressures. The 
lower-surface pressures on the inboard station do not compare 
favorably with experiment, but the upper-surface pressures appear 
very good. The spanwise prediction at zero angle of attack 
(Figure 62) indicates that the power effect is overemphasized. 
still, the results sho\i how the jet effect is stron.)est closest 
to the nacelle and dies out towards the wing tip. Th~ experimen­
tal data support this. 
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Figure 55 • Power Effects, Wing Fl~ps Neutral, Q = 8 deg. 
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Figure 57. Power Effects, Flaps Neutral, Inboard, a = 8 deg. 

106 

-g----------. -:-.... - . - -- -----.-------- --.---- .. -



---

--!..-----------,.----.~---.-.- ....... "- .. '"., 

Cp 

-S.0 

SYM TEST RUN 
0 54-3 63 
II 543 59 
0 VSAERO 
a VSAERO 

- ....... . e. __ •• 
e_'. ! . .i . 

~--- -.~.- ~=~. :, ---- .. - e· __ a 

RLPHR CT ITEF OTEF eRN S!-lB 
8.3 0.00 e 0 0 OFF 
a. ,~ 1.41 0 0 0 OFF 

0.04 
1.31 

... ~.. . ."; ... ~-"- .,,-..... _- .--... -, -.... ~ ~ .... ~ , ! . 

.~--. --;~~~ .. ~-.- r----.... ---... ----'----; 
........... - ---- 1---­

,-- •. ~; ._. -, --.; .. ~ 

--~-.r-~--~ -.-~ ~"!' • .-.- •• --- -~--

WING SPRNHISE 
- UPPER SURF~CE ....-.- •.. ------ --"---T- .,--_.- ._-- .-~-.- ~ ~ .. _-, - ---... -,_._--- ~.-~ ... ....;----.---- --_._.;-

-4.0~·---+·--~~--~--~----+----+--------~--~----~ 
~---. --:---:- -.~-- ,." .. __ . 

_ .•..•. e. 

.! .. 
'" • - .. ~- -.-.~- -:-+"'- --. 

..--_ ..... ~----.:. -:~~:~:~ !-.!.-- .:~-:. ~ ..... ~ . 
····---r· 

.. - ..... _-- .. ..j.. - - ~ •• _-.... _- .... _ •• _- .... __ . ---_ .... 
. . ....... - •... -- .. .;.. ... ~.- ..•...•. -.---. --~ t----_. --.';"~' +----t---,----- .. ~- ~-

------ . "---- . f---."P'--- .~ .. --
-3.0 t-----+---+-'---+.-. _-__ -+--+-.-._-... -.. ,,-•. +-. -•. -•. -. -... +-. -_-_-. +-,-. -.. -. -. -t----.j 

..,.....-... - .---- -? ~..;- ~--. -1-.-.--1---.-
-.-- --_.- ---~~ --_.. l-.--~ ----~. ----1-.- ... --
- - - -----.- t---"--- . '--- -' -' -- ---- ---'-.- --._- ----. 
-----~----~----~----~--~~--~------f----_+----~----~ 

-2.0 :2t;;C:==~~t?d~§F~ 
---. .-- -.~ I-~~";-"- -':--1--=--- ..,..-' -+.---__ ._. ~ .• --__ . __ .__ _. __ ..... _"_~_ --" ____ .-"-"..l._ -"-_. ___ . ___ • " ____ _ 

-. ---' --.-.:...- .. -.--,~.I-.-- .... -- •. - .. _-- ... __ ._ .. - ........ 
~-.,... .-.• -_. -"--.,,_. --.-- .--- .--- --' --I-... .-:--~.-t_--

.. _.,--- ., •. --:. -._-' .. - .. __ .•. - ~~- ... -_.- -_ .. -
• "0 -.-. - •• ~.- .. ~:--~-~- r .. ,.. .. _ .. 

_~ ...... __ •.•. __ .... ____ • __ --'- ,.t-.. . .. _. .~=_""_.-_-_'"'-_ -- --- ----" -; ..... -- _. __ .-~,- .--. ..:.. ~-.~. .. 

~-=.: .:~!.~:: ~:~::::~~~ 'r::e ·~:;:f;I--"-··- ,,~-=~. 4?; .~" 
1.0~--~--~---~~--~---..:..~--~~--~--~---~--~ 

0.5 0.6 0.! 0.0 9.9 1.0 

2Y/8 

Figure 58. Power Effects, Flaps Neutral, Spanwise, n = 8 deg. 
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Figure 62. Power Effects, Flaps Neutral, Spanwise, n = 0 deg. 
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A quantitative comparison is shown in Figure 63 where the 
predicted and measured lift coefficients have been compared. For 
much of the angle-of-attack range considered, the power-on.pre­
dictions appear very good. The angle of attack of the experimen­
tal data has been increused to reflect the assumed error in the 
angle of attack. Qualitatively, VSAERO predicts both the in­
crease in lift and increased lift slope seen in the data • 
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5.3.5. 3 ~a.U.on Ef f£!...Cll 

To further explore the extent to which VSAERO has ass5mi­
lated the jet model, wake relaxations were made \~ith power ap­
plied. Under low-speed flight conditions where the flow pertur­
batiolls from jets and high-lift devices \-lill be large, wake 
r~laxations can be expected to be important in getting the cor­
rect solution. Relaxing the canard wake of the STOL Fighter 
should be of particular importance baaed on the results from 
similar configurations. Figure 64 nhows the predicted wake geo­
metry at Ct =1.3 at an angle of attack of 8.4 0 • The jet presence 
gave no problems when predicting the shape of the canard wake. 
Until a variable vorticity jet model is included, relaxation of 
the jet wake, while possible, is not worthwhile. 

Figures 65 and 66 indicate the sensitivity of the wing 
pressures to the canard wake geometry. The inboard pressures are 
affected in much the same way as they ar~ by power and to almost 
the same degree. The spanwise data show that letting the canard­
tip vortex roll up can redistribute the lift further outboard. 
This is closer to the experimental trend, Figure 58. 

There were no apparent effects on the canard or strake from 
relaxing the canard wake. 
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Figure 64. Powered STOL Fighter with Relaxed Canard Wake. 
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The jet model used inVSAERO for the analysis of the STOL 
Fighter has provided quite good overall predictions for power 
effects. The model predicts more lift at the same angle of 
attack and higher lift slope with power on as compared to power 
off. As verified by experimental data, the jet effects at 
moderate angles of attack are most pronounced close to the nozzle 
while barely p~rceptiblc on the canard~ 

The jet model' does not impair the solution on remote com­
ponents and is compdtible with other VSAERO capabilities such as 
wake relaxation. Further development is required for a correct 
analysis of components very close to the jet. 

The STOL Fighter configuration was run on the PRIME 550 
minicomputer. A case with 700 panels and 350 wake panels on one 
side of the plane of symmetry took 6,000 CP seconds, which is 
equivalent to about one minute on the CRAY. A case with one wake 
relaxation took 10,000 CP seconds on the PRIME 550. 

r;---"­. 
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6.0 JET TRAJECTORY CALCULATIONS 

6.1 General 

The VSAERO program has an iterative wake relaxation scheme 
cased on force-free boundary conditions. Since the jet bound­
aries are described as special wakes inside the program, in 
principle, the jet boundary can also be relaxed in the iterative 
procedure in order to compute the jet trajectory. Such calcula­
tions at low jet deflection angles have been very promising. 
However, at larger deflection angles numerical problems have been 
encountered. One of the reasons for this is that the wake struc­
ture is described in a vertical wake-grid-plane scheme, Figure 
67. While this has several advantages for regular wakes it is 
too restrictive for jets with large deflection angles: numerical 
problems arise because of the large inclination of the jet axis 
relative to the wake grid plane. 

Although an alternative more general scheme is required for 
treatment of the jets at large crossflow angles, development of 
such a scheme was beyond the scope of the present investigation. 
Even so, numerical studies of the jet trajectory calculation did 
indicate other areas of improvment. Some modifications were made 
to the code in the off-body velocity calculation and in the wake 
relaxation suoroutines. The main change involved the integration 
process for proceeding from one wake grid plane to the next~ 
Numerical stability problems were traced to an extrapolation 
procedure, which for regular wake rela~ation calculations accel­
erated the convergence. The more rapid action in the jet vortex 
pa~r calculation cau&ed some divergence. The procedure was 
therefore simplified to an Euler-Gauss scheme. While this slo\/cd 
down the movement from iteration to iteration, the procedure is 
much more stable. 

The 6,1 simple body configuration shown in Figures 68 
through 71 was utilized to examine the modified relaxed jet wake 
procedure available in VSAERO. The wake relaxation resulted in 
the characteristic kidney-shaped cross section for a jet to 
freest ream veloci ty ra ti 0 of 2.0 and an angle of attack of 20 o. 
The nressure coefficient as a function of x along a buttline cut 
at tbe vertical plane of symmetry as presented in Figure 71 
indicates a well behaved nolution. 

A flat plate configuration similar to the one described in 
Section 4.1 was employed to examine the effectiveness of the 
VSAERO streamwise linear vorticity jet wake model subsequent to a 
wake relaxatl.on (see Figure 72). The configuration is modelled 
after the one used by Fearn and Heston (Ref. 24) in an extensive 
experimental investigation which concentrated on the characteris­
tics of the pair of contrarotating vortices. The flat pl<1teis 
at zero degrees angle of attack with the jct issuing at 900 with 
respect to the plate surface. A solid potential core model of 
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one jet diameter in height if; utilized to turn the flow through 
90° in the initial stages of jet cevclopment. This height is 
about one third as high as indicated by experiment for a jet 
velocity ratio of 8. . 

The relaxed wake geometry is compared to the prescribed jet 
trajectory in Figure 73 which includes the orientation of a 
VSAERO velocity scan plane. The scan plane was utilized to 
compare critical aspects of the vortex pair as calculated by 
VSAERO to experimental measurements and thus assess the effect­
iveness of the VSAERO jet model. As indicated by this figure, 
the entire configuration was rotated (as well as the onset flow) 
by 450 in order to conform to the present verticalwake-grid­
plane structure. 

This wake-grid-plane structure is a critical aspect of the 
wake geometry definition in VSAERO. In the present example the 
wake-grid-plane structure intersects the jet wake at angles other 
than the optimum of 90°, thus resulting in a distort~~ wake panel 
definition which in turn introduces numerical tabilities 
during the jet trajectory calculation. The jet tr~ ~tory after 
one VSAERO relaxed wake calculation has deviated from the speci­
fied geometry (as generated by Margason's empirical equation), 
throushout the initial stages ot jet development with a recovery 
at about 10 jet diameters downstream as indicated by Figure 73. 
The geometry of the cross section as shown in Figure 74 for the 
relaxed wake, indicates a general distortion of the jet although 
the characteristic kidney shape is present indicating the 
presence of the vortex pair. A more general sGheme for the jet 
trajectory calculation is now being developed for the VSAERO 
program. This should alleviate the above dif iciencies, thereby 
giving a more accurate relaxed jet wake geometry for cases with 
the wake at large angles to the crossflow. 

Regardless of the deficiencies in the relaxed wake geometry, 
the results from the velocity scan plane are promi3ing and sup­
port the assertion that the current VSAERO jet model containn the 
critical aspects present in the jet-in-croGsflo\/ problem; speci­
fically, the swirl produced by the pair of contrarotatin9 vor­
tices and the strong axial velocity component of the bas~c jet 
(see Section 2.6.1>. Accepting the fact that the jet trajectory 
has deviated from experimental results due to the wake-grid-plane 
structure, for comparison purposes the VSAERO scan plane results 
were shifted vertically to coincide with the experimental results 
a~ presented in Figures 75 and 76. Contours of constan~ axial 
velocity ratioed by the maximum centerline value at that station 
(V/VCLHAX) are presented in Figure 75(a) in a m'irrot- image format 
with respecc to the experimental results. In Fiqure 7S(b) the 
cross compon·~nts of velocity are presl~nted in vector form indi­
cating the nwirl activity produced by the pair of ~ontrarotating 
vortices. The upper half of the VSAERO cross-com~onent vector 
plot compares very well with expe:iment but the corielation tends 
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to deviate in the lower half of the plane due to the distortion 
of the jet cross section shown in Figure 74. Contours of con­
stant static pr.essure coefficient are presented in Figure 76. 

The application of VSAERO to the TF34-100 nacelle at 46.5 0 

angle of attack and at a specific airflow setting of 0.092 
(Figure 77) resulted in a realistic jet relaxation calculation as 
shown in Figures 78(a) and 78(b). The relaxed jet wake calcula­
tion appears to have performed very well for this rather complex 
coaxial jet configuration. The intersection of the coaxial jets 
as shown by Figure 78(b) does not appear to have adversely af­
fected the numerical stability of the wake relaxation procedure. 
This wake intersection, which is apparently a consequence of the 
relative magnitude of the jet velocities with the inner primary 
jet having a larger jet velocity magnitude than the outer 
secondary jet, requires further study to examine the feasibility 
of merging the primary and secondary jets at the point of inter­
section. 

6.3 Summar~ 

The "application of VSAERO to a series of V/STOL related 
configurations which exhibit the jet-in-crossflow phenomenon has 
reSUlted in the following conclusions. The vertical wake-grid­
plane scheme is too restrictive for jets at or near 90 0 with 
respect to the crossflow. This wake geometry definition results 
in a more shallow penetration of the jet into the freestream than 
indicated by empirical results. A more general wake geometry 
c,:,finition is under current study. The critical aspects of the 
jet-in-crossflow problem, namely the pair of contra rotating vor­
tices and the strong axial component of velocity for the basic 
jet dre effectively simulated by the VSAERO jet wake model. 
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(a) General Views. 
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7.0 CONCLUSIONS 

Modifications to the vortex-tube jet model in the VSAERO 
code have resulted in imp=oved correlation with experimental 
surface pressures in the presence of a round jet l~aving the 
surface into a cross flow. These modifications included a simple 
treatment of the initial ftsolid ft core und empirical entrainment. 
Further, significant improvements in the ,correlation were ob­
tained using a simple free vortex nheet representation of the 
separation behind the je~. 

The jet model now in the VSAERO program provided good 
~verall prediction of power effects on the STOL Flghter config­
uration. Lift increments, lift curve slope increments and pres­
sure distribution changes due to power agreed very closely with 
experimental data up to 8 angle of attack covered in the calcu­
lation. The basic lift curve slope predicted by the program was 
lower than experiment primarily because the calculation excluded 
the effect of the leading-edge vortices which occur at moderate 
to high angles of attack on this configuration. Any future 
calculatior. beyond 8 should include leading-edge vortex 
modelling. 

The jet model in the code is compatible with other VSAERO 
capabilities such as wake relaxation. The latter capability was 
especially important in obtaining good correlation with ~xperi­
mental wing pressure distributions in the presence of the canard 
wake on the STOL Fighter configuration. Further refinements in 
the jet model, particularly with respect to entrainment, is re­
quired for correct analysis of surfaces in close proximity to the 
jet. At that ti~e detailed chunges should be made to the panel­
ling of the inlet and exhaust regions using inset inflow/outflow 
surfaces submerged in inlet/exhaust ducts and oriented normal to 
the local flow. 

Applications of the program to the Crumman 698-411 tilt­
nacelle design proved very successful. The program accurately 
predicted the pressure distribution inside the inlet for a range 
of flight conditions up through a nacelle angle of attack of 62 • 
Furthermore, coupled viscous/potential flow calculations gave 
very close correlation with experimentally determined operational 
boundaries dictated by the onset of separation inside the inlet. 
Experimentally observed degradation of these operatior'll bound­
aries bet\-{een nacelle-:alone tests and full configuration tests 
were also indicated by the VSAERO calculation. 

The VSAERO relaxed wake analysis for a series of V/STOL 
related configurations indicated that the critical aspects of the 
jet-in-crossflow problemI' namely, the pair of contrarotating 
vortices and the axial component of velocity for the I::asic jet, 
arp effectively simulated hy the VSAERO jet wake model. Further 
improvements related to the VSAERO wake geometry scheme arc 
deemed necessary when an21yzing jets at large angles to the 
frccstream. ' 
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Overall, these initial applications of the VSAERO program to 
V/STOL configurations have been most s~ccessful and promise 
further potential improvement in these aerodynamic prediclions in 
the future. Further.more, the exercise has demonstrated that 
these V/STOL calculations are both practical and economical: 
many of the cases were run on a PRIME 550 minicomputer. while the 
larger cases, i.e., the full Gt:umman tilt-nacelle configuration, 
took about 2 1/2 minutes on the C~~Y computer. 
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