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SYMBOLS

¢ configuration chord length
Cp pressure coefficient
“acp interference pressure coefficient
d, D, 05 jet diameter
L "'aerodynemicﬁlift
A Jnterference aerodynamic 1ift
M oerodynomic pitcnino”moment ,
'oMj interference pitching moment about the jet center
Ni.és' ~interference pitching moment about the configuration
' quarter chord
R . jet-to-crossflow velocity ratio ”
Ro/sp ratio of the jet diameter to the control oint
_ 3 spacing : e s
i, ¥y 2 axes of the jet coordinate system, see Figure 1
R Y, 2 . .axes of the panel code coordinate system, see Figire 2

| xacr, YJCT, ZJCT  location of the jet center in the panel code
_ coordinate center

‘U&zv  jet exit velocity |

Ve _ freestream v_el.o_city- |

« model angle of attack

8 m‘: model yaw angle _,f”,_
“ 7751' angle between the jet z-axis .and the panel cade

Z-axis, jet roli angle

Al



et injection angle
isentropic jet thrust

iv



SUMMARY

A method is propased to combine a numerical description of a.jet in
a crossflow with a 1ifting surface panel code to calculate the
Jjet/aerodynamicesurface interference effects on a V/STOL aircraft, An
iterative technique is suggested that starts with a model for the
properties of a jet/flat plate configuration and modifies these
- properties based on the flow field calculated for the configuration of
interest. The method would estimate the pressures, forces, and moments
on an aircraft out of ground effect, - _ _

A firsteorder approximaiion to the method suggested is develaped
~and applied to two simple configurations. The first-order approximation
is a non-iterative procedure which does not.allow for interactions
: petween"multiple-jets-in a crossflow and also does not account for the
influence of 11ft1ng'surfaces on the jet properties, The'jet/flat plate
model utilized 1thhe examples presented is restricted to azuniforﬁ-_ -
round jet injécted,pérpendicuiariy into a uniform Crossflow for a range
“of jet-to-crossflow velocity. ratios from three to ten. Numerical.
results for a streamiined body of revolution and a symmetrical airfoil
~ are. presented, - The numerical results show that there is good agreement
betweén-expehimental.and‘model'calcuiated éurface pressure data for the
_.bndy;of:revolutioh_and thg_non-ljftinnging, put-indicate the need for
_iterative techniques for hahdiing,the interactioﬁs‘beﬁween,lifting =

-:sqffaceS~and;aljet;in;a'crqssfloy; .



This report is divided into two volumes, The first volume is a
theoretical description of the computer code developed, The second

volume is a detailed Users Guide for the computer code,

.Vi: '



SECTION 1
INTRODUCTION
Vertical or short take-off and landing (V/STOL) afreraft

traditionally supplement aerodynamic 1ift with high energy 11ft jets,
While the use of 11ft jets is efficient when viewed from a static
standpnint, they create adVerse aerodynamic interference effacts nhen
used- to ‘supplement wing-gemerated 11ft duping forward flight. When Iift
jets are used during forward fiight they ara caiied jats in a crossflow,
and. the made of flight is termed transitional flight, The adverse
interference effects result from the viscous mizing of the 1ift jet
' fTUTd'with*the’crossf1dw~f10id. The major adverse effects are a TieL
loss and a nose-up pitching moment., These effects increase in severity
with increasing crossflow velacity, | e

As defined herein a jet fn crossflow refers to the qualitative |
“features of a jet 1njectad into a crassf1ow. The terminoIogy o o
jet/aerodynamic-surface refers to a Jet in crossfiow 1ssu1ng from an
”uarbitrary ‘aerodynamic surface. A Jet/fTat plate refers to a jet 1n |

crossflow issuing from a flat plate configuration.

 Hodern high SPEEd computers, through the use of panel codes ¢an be? o

used to solve for the f1uw f1e1d on or about a conventional a1rcraft for

j:'_ithe conditions of attached flaw. A pane\ code 1s a program which so1ves:

a linear part1al diffarential equation numerical\y, by approximating the“ _

{fconfiguration surface with a set of panels. on which unknown singular1ty." -

 strengths are defined. _The_application_of_boundary conditions ata N



discrete-set.of'points, such as the panel centroids, generates a systam
of near algebraic equations relating the unknown singularity strengths
to the flow at the pane! centroids. The equations_are then soiued for :
the singuiarity strengths, which once knawn, provide the properties of
the flow fleld about the configuration.1'3
Asmiegh existing panel codes can be used to solve the flow field

about a sonvantional aireraft.“they faii'to'predict.the adverSe
interference effects on a V/STOL aircraft in transitional fiight, One_
method for predicting the jet-in-crossfiow'interference effects on a
V/STOL aircraft is that of Kuhn.® The method developed by Kuhn appiies
3'empirical corrections to the aerodynamic coefficients for aircraft |
without jets in crossflow. Kuhn's method estimates the integrated
interference effects; iift ioss. and pitching moment. There are methods'
currentiy under deveiopment which will combine programs fbr predicting
"“jet/flat plate interference effects with panel codes.®
Most Jet-in-crossfiow models in use today predict the fiow fieid
'due to the properties of a jet/fiat plate modei. This is because the :
development of a general Jetlaerodynamic-surface modei is too compiex._
”Two programs in use tooay. which estimate jetlfiat piate interference o
effects, use potentiai fiow singularities to modei the Jet properties._“__
' The first, deveioped by Nooier et al.. combines a distribution of srnks
and doublets aiong a caicuiated jet path to obtain the veiocity fieid ;f :"
" due to the jet interference. The second program was originated by S
_‘Dietz7 in his masters thesis and iater deveioped to its present form by
'ﬁiFearn.s The Oietz/Fearh modei assumes two contrarotating vortices to ber :
_fthe dominant fiow feature. thus the vortex properties are the major |

' inf1uence in the jet interfereoce effects. A non-potentiai fiow program'_



has been developed by Adler and.Ba'ron,9 uhich uses an integral control
volume method to represent_the-exial_flow_internal-to the jet plume.

A jet/aerodynamic-surface‘modeling method 1s proposed in this
-report which combines a jet/flat-plate”nodel with a low-order panel code
to.model the flow field about a”VISTOL aircraft when aperating out of |
ground effect. The method proposed should be capable of accounting for
all interactions between jets in crossflow and a lifting surface
”configuration. A Jetlaerodynamic-surface model s presented based on -
'the proposed method, which accounts for the influence of jets in
-crossflow on the lifting surface, but does’ not. account for the. influence
of the lifting surface on the jet properties. The model presented
combines the Jet/flat plate model of Fearn8 ~with a lou-order panel code
developed by Analytical Methods Incorporated.10 |

Section IT of this report discusses modeling methods, including |
panel codes and jeta- in-crossflow codes, Sections III and 1V deal with
the mechanics_of:combining the two computer codes.used:and.the testing
'of the resultant'computer'code, Section t presents the results for the
configuration studies and concludes Volume 1of this report. Volume 2
of this report presents a detaiied Users Guide for the WBWJAS computer
code developed fn Volume 1. | N L _i PR :
| Financial support for this study was provided by NASA Grant NCC2-133";
'under the technical direction of M, .G. Koenig, NASA Ames Research __:
Center., This report is the result of Mr. K.L. Furlong s masters thesis,

supervised by Dr. Rals Fearn. B



SECTION 11
MODELING METHODS
-+ Low=Order Panel Codes

A panel code is a program which solves numerically the 1inear
partial differential equation describing potential flow about a
surface, It does this by approximating the surface with a sat of panels
on which singularities of unknown strength are defined, The common
singdlarities are sources to describe a non-Vifting surface, and in
addition, doublets or vortices, to describe a 1ifting surfaee;- A Yows
order panel code is a program in which the singularity strengtn
distribution is piecewi se constant over the-cbnfiguration." Higher-arder -
panei codes require the singularity strength distribution to fit linear,
quadratic or higher-order equations, -

A generic wing-bady configuration 1s shown in Figure 1, which ts a
reproduction from reference 1l. The figure-Shows sburée'paneis-defining'.
the configuration shape; the panel control. points are shown as dots at
-the panel centroids.. The vortex: system is ghown in the wings, with

trailing vortices to represent the wake region downstream of the -

‘wings. - Each- singularity shown has associated with 1t a perturﬁetidn’*’7*ii'

velocity flow field. The vector sum of all perturbetion-veiocitieS'and

‘the freestream velocity describe the flow field of a particuiar -
configuration, Anaiytica] expressions for the perturbatian velocity
- flaw field induced by a constant source distribution on an arbitrary

'panei are- given by Hess and Smir.h.1 Similariy, the veiacity fieid
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1nduced~by tge eIements of a vortex distribution are given by Woodward?
and by Rubbert et al, 3
The perturbation velocities are used to calculate the coefficients
of a sysﬁem of 1inear algebraic equations, relatiﬁgrthe ﬁagnicude of the
velocities at the panel_cqntrql_pqints, to'the_announ_singulerity
strengthse The singuﬁaeity.stéengths. which produce the perturbation
velocities necessary to Setisfy:the_bnendary conditions on each pane\,
ére'determined by solving the'syeteﬁ,ef 1inear.e1gebre1c equations.
With the_singulari:y strengthsjknown,_ehh}ve]e:ity_field is determined
end the pressurercdefficienes eaicﬁlated usihg éerneu\ii's equation..
. Tbe pressure distribueion is 1ntegrated numericelly over the
configuration to yield the forces and moments an the configuretion.
. The panel method chosen for thi s proje_ct.-.is a low=order panel code -
composed by Ovorak, Maskew, and Heedwabdslo The method is known by the
._acroqym WBABL, which stands. for Wing Body Aerodynamic program with
. Boundery Leyer:solutione. The major reasons for choosing the WBARL
. panel code are 1ts accessibility and the availability of knowledgeable -
.erogram-usehs at the NASA'Ames Research centee. where this_preject
~originated.

7 Jet-1n-Crossf1cw Codes

A Jet/aeradynamic-surface mcdel should be capable of predicting the .

interference effects on an aerodynamic configuration due to the flow
field associated with a jet in a cqossflqw,ﬁ.As:a.prelude to discussing -
jet/aerodynamic-surface models, a qualitative description of the flow

- fleid is.in order, ~



Descri ption of the Flow Field
Based on extensive experimental investigations of a subsonic jet

1njected_ into a subsonic crossfiow, a qua]itaﬁve description of the
flow field can be made. This description of the flow field follows that
presented by Fealr'.n..8 The characteristics of a jet in a crossfiow
described he_r.e apply mainly to a round jet, injected perpendicularly
{nto the croséflow. from a flat plate. Although the characteristics
given below are for -a'p_articul ar jet/aerodynamic-surface configuration,
they are characteristic df the general Jet#n-crossﬂow ﬂow field,

Jat_zore. P'ur a relatively short distance from the jet exit plane,
the core ﬂow of the jet is characteri zed by slow changes in flow
properties such as velacity profile and turbulent intensity, For a
”submel.'ge_d jet, 'wiﬁh no crossfiow, the jet core is conical in shape and
extends appfo#i_mat_ely six jet diameters from the jet exit pl anel2 vefore
it is erdded into a highly thrbul’ent flow. Hhen.the jet 1's_.1njectgd
1n_tq' a crossflow, the length of the jet core is found to’ decrease with
decréasi ng jet-ta-crossf.l.ow velocity ratio.

Shear lager. The: boundary between the jet. and the crossfiow can be. i
cahsidered a shear layer between the high and Iow energy flows. This '
sn_e_ar__ lqy_er_.i__s_,_ thin _qear;_.t;he_ Jet exit, but. ra_pid,l_y thickens as the jet -
.core di ffus&s. It is thought that this shear ’l'a'yer caﬁ be ir.epresented
_by ] regfon of . concentrated vorticity.13 the di ffusion of which can.be
'used to describe the flow field of the jet core with no crossﬂow. In
t;he presence of a crossfiow the shear layer 3_(_3tor_tex.. structure) is - -

d‘i storted'as well as. df ff'used by the drosﬁﬂoﬁ. The di*‘si:'oriion' of the
shear layer is thought to. be the origin of the pair of contrarotating

'vortices which are characteH stic of the jetai n-crossflow ﬂow fie‘ld.



Contrarotating vortex pair, The dominant feature in the-Jet-in--
crossflow flow fleld is a pair of diffuse contrarotating vortices. The
" vortex pair has been observed to start ‘near the jet exit and extend far
downstream.i# The dlffuse vortex pelr is defletted downstream along
‘curved paths, These paths 1ie on elther side of the plane of flow
symmetry and are located on the concave side of the jet
‘centerline, 1415 s the contrarotating vortices are swept ddwnstream
they diffuse rapidly until their core radius 1S approximetely equivalent
" to the half spaolng between the vortex oenters. The diffusion of
vorticity between the two vortices results in a detrease in the strength
_-of each vortex, As an indication of the domi na'né:'e of the contrarotating

vortices as a flow feature, the vortex palr nas been observed as far as
'.1000 jet diameters downstream from the et orif’lce.16 |
Jet plume, The jet plume is readlly observed by flow visuallzatlon
techniques suoh—a5=smoke-injeotion.17 The defleotion and deoay of the
initial jet can be detected by velocity measurements in the jet plome.'
‘The curve ‘that t?eoes“tne?locations’of“the'maxfmum ﬁét'speed;'from'the:
terminus of jet core through cross sections of the Jet plume. 15 called
the jet centerline, The locetion of the jet centerline cen be o
determined to a point where the local maximum of the jet veloclty 1s |
'*1ndistinguishable from the freestream velocity. The extent of the jet L
centerline has been found to be fifteen to twenty Jet diameters _
 downstrean of the jet exit for the instrumentetion used in the tests of“-
Fearn and Heston14 (124, yaw/pitch prohes).- | _' :

.Nake. Complicating the flow fleld near the jet exit 15 a wake H_JT}.T

- reglon. This wake is olearly vlsible in oi smear studies on a flat.

'755plate.13 The ‘wake region begins dust downstream of the jet core and 1s'



a result of_e separation of the crossflow as it_flows around the jet
coree. |

Most of the features described above are snown in Figure 2. The

figure is representative of a jet ina crossflow issuing from a flat
plate at a ninety degree injection angle and a jet-to-crossflow velocity
‘ratio (R) of eight, The stippled area represents the observed smoke
plume, within which the relative locations of the_jet centerline and
vortex curve are shown. The vortex curve is a projection of one of the
vortex paths onto the symmetr,v plane, The diffuse contrar-oteti ng vortex
*"palr is illustrated'in'a crOSS section to the jet plume, endﬁre]atipe.'"
'positions of the jet core and flat plete wake region are shown; Also |
“shown in Figure 2 are the caordinate axes used to describe the jet
'properties.

et[Flat Plate Models ' .

A Jet/eerodynamic-surface mode} should provide the perturbation _
“velocities at a point of interest due to the combined influences of the
'3et/aerodynamic-surface structure._ Existing modeling techniques for |
ttransitional flight ‘consist largely of empirically derived models, using__”

potential flow singularities to account for the complex flow -
i'structure. Three aetlaerodynamic-surface models are di scussed here, all o
use a fiat plate as the aerodynamdc-surface configuration. o '
 The first model di scussed, developed by wooler et al.,6 combines -
distributions of sinks and doublets along the calculated Jet path to
ﬂ’obtain the velocity field due to the jet interference.' As shown in .
Figure 3, the sinks are uniformly distributed along an axis normal to o
"the freestream. and account for the entrainment of‘the Jet. Their ‘7;'h -

' strength. which varies with the distance from the jet. is dependent upon____



Crass Section to Jet Plume

ing vortex pair

- Contrarotat

10

VORTEX CURVE

ORIGINAL PAGE IS
OF POOR QUALITY

Figdr;e 2. - Prominent Features of a Jet in a Crossflow.



11

ORIGINAL p
OF POOR Quf,ﬁ,',’
Sink Distribution

* Figure 3, - Wooler Transition Jet Model.



12

vthréb”empirlcally determined coefficients, The valies chosen result in
"a’good-correlation between experimentally and theoretically derived jet
centerline iocations, The doublets are distributed along the jet
centerline and account for the jet blockage effect by creating a flow
past an equivalent circular cylinder, This model 15 effective in
predicting the induced perturbation velocities for aircraft
configurations which do not include surface area behind a jet in
crossflow. For configurations which do incliude surface area behind a
jet in crossflow, Wooler's model, along with others, underestimates the
‘magnitude of the negative pressures found in the wake region,

The Wooler model has been extended to inciude a wake correction by
Walters and Yen.19 This extension to the Wooler model consisted of a
pair of short-1ived, lowsstrength vortices 1ncorpérated into the wake
area. The addition of these vortices resulted in an improvement in the
prediction of the surface pressures on the fiat plate, While this wake
model 4mproved the ability of the Wooler model to predict the pressure,
force, and moments on the flat plate model, it still was not able to
match the negative pressures found immediately aft of the jet core.
This wake madel, though applied to the Wooler model, could be adapted to
other:jet/aerodynamic-surface models.

An extension of the Wooler model has been made to model multipie
jets in crossflow. - This work, presented by Ziegler and Wooler,2® gives
methods for modeling both tandem énd transverse jet/flat plate
configurations, : The model doesanbtlaCCDuntffbr any viscous wake -
effects. In this method the case of transverse jets is modeled by
Lassuming*indepgndentjjgts:uhtiIVthe trajectories meet,. then combining

the jet plumes. For the tandem jet case, the’crossflow;épéed on the aft



13

jet is decreased as a result of forward jet blockage, and the two jet
plumes are combined as they meat,"

The second model waS'presented‘by_Dietz7 in his masters thesis and
1ater developed to its present fbrm'by'Fearn.s’ This model assumes the
two contrarotating vortices to be the dominant characteristics of the
Jet/flat plate configuration. A less dominant, yet still important
characteristic, is the entrainment of freestream fluid into the jet
plume. The model is implemented by placing a series of linear vortex
filaments along the vortex paths, and a series of linear source segments
along the jet centerline curve. = The strength distribution for the
vortex filaments is determined by inferring the vortex properties from
the experimental data of reference 14.
| Similar to the Wooler model, the model of Fearn is unable to
predict the pressure distribution in the wake region, ' Fearn's model -
does, however, contain an-empirical wake correction, which when used

~results 1n good correlation of model and experimental data for the
pressure, force, and moment data for flat plate models. Fearn's model
has been applied to the cases of a round jet/flat plate configuration -
: wﬁtﬁ_perpendicularhjet injection'and jet-to-crossflow velocity ratios
~ fron three to ten, ) o : '
rTherthifd and final model discussed in this report was daveloped by
Adler: and :B,aror_.l':-.g;_ Their model is based on a control volume method,
This model is-a quasi-three-dimensional i ntegra_l 'method used to solve
;.;theiprob}gmfof an_1sothermql,ri0;0mpressiblg,JturbuIeﬁt,*roudd’jet“in,a:f-
,,chdssfjdw, 7The-mode1 1sxbased on two integral momentun equations, one
n_written_fbr a-dirgction:parattei to the jet.éénterltne~andcthe-othérffbr- :

. a direction perpendiculab to the centarline.- The mathematical mode) is
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numerdcally solved, producing a flow field within the jet plume,
Results of this method, as reported in reference 9, show that it is
capable of predicting the axial flow in close proximity to the jet
plume, but does not adequately predict the velocity and gressure
perturbations on £, “{gurations far from the jet plume. The Adler.and
Baron method is not restricted to a jet/flat plate configuration,

~The choice of jet/flat plate model far this project is the method
of Fearn, This Jet/Aerodynamic-Surface Interference (JASI) program is
known as JASIB in its present form and is documented in reference 8.

Combined Methods

~There is a need for a computer modeling method which combines a
panel code with a jet/aerodynamic-surface model, At this time one
method is in use which combines jet/flat plate models with panel
.codes. It is the one developed by Beatty and Kress. At the time of
this writing there are a nunber of studies ongoing which are addressing
this problem.5 Unfortunately, reports on these studies are not
available -for description here. - ) i o

The computer code developed by Beatty and Kr.ess21 is intended to

model virtually all aspects of V/STOL. flight, Their computer program
uses the Hess potential flow code to model freestream effects on the
aircrafts .- Supplementing the Hess code s a _--_s_er"igs. ‘of programs to model - .
the propulsive effects on the aircraft. The propulsive effects section
include; - an inlet analysis section, three jet/flat plate sections, and
‘a ground effects section. The three jet/flat plate sections ara a
modi fed HoolerS method, modified WestonZ2 method, and the Thames and

weston23 method for rectangular jets in crossfl ow. - The modi fied wOoler-"

method is essentially the same as that described earlier .e_xcept for the
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addition of a ground effects algorithm and a 'l'imitati'én that there be-' no
more than two jets per jet system, The Weston®2 method is a version of
the early work of Dietz and Fearn, The mbdi fied Weston made) of Geatty
and Kress 45 reported in reférénce 21 to be applicable to various
injection angles, various jet-ﬁd-cr‘ossﬂow velocity ratios, and to
muitiple jets. The extension to handle multiple jets is simitar to that
presented by Ziegler and Wooler, as mentianed ear-li_ér. The ability to
model various injection angles and velacity ratios is accomplished by
extending the work presented by Di etz’ 1n his masters thesis, .Th_e work
of Thames and Weston?3 on a recténguur jet is limited to a jet with an
aspect ratio of four, The jet is oriented with the major axis efther
parallel or perpendicular to the crossflaw. The method uséd_ by Thames
~parallels that used by Dietz for the round jet case,

Results for the programs of Beatty and Kress. as given in
reference 21, show that the mod1 f1ed Waston model gives surface pressure
results which agree closely with the Wooler method, Both the modi fied
‘Weston and Wooler methods give godd dgreement ﬁit’h"'exaer‘iméntal' surface
pressure data for regions exterior to the jet. wake area- the need for a
'wake model for the jet wake regi on is stressed. Another area of concern.'.
presented in reference 21 is that of vi scous and non-viscous interaction__
between ‘the various elements of the entire program packane, \ P-PP the
‘{nteractions between the freestream flow section and the ,propuisive "
effects section.

Proposed Method
. The objective of this proposed method is to determine the nviscid,
‘potential flow field on and about a V/STOL aircraft 1n"’trapsi’t1_qr‘|_qt -
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- flight out of ground effect. The proposed method is based on the
following assumptions: |
1. A potentia) flow model, for ihe flow field induced by the
jet plume of a Kknown jet/aerodynamic-surface
configuration exists. This model is referred to as the
jet/base configuration model, The jet plume properties
are assumed to be dependent on the fbliow{ng:: the
aercdynamic-surface configuration, jet orifice shape and
velocity profile; jet injection angle, and the jet-to-
crossflow velocity ratio.
2.- The V/STOL aircraft configuration of interest is modeled
with a potential flow panel code,
3. A local velocity ratio for the jet ﬁTumefpropeEties can
“be defined, For a jet/flat plate configuration, it is
conventional to define the velocity ratio as either
Y fU; or U /U, Where Us 1s the jet exit;ve1qcity_
| maﬁniiude..and U, is the crossflow velocity magnitude,
'For a local velocity ratio, the crossfiow vélucity is
repiéced with the local onset velocity, ﬂﬁich.dah ﬁé»a
vector of a scalar quantity depending on the jet plume
“model, The local onset velocity is ébnSi&eféd'tﬁ be the
velacity (or speed)-at.a poiht of inferést in the jet
“plume (i.e., a singularity control point) due to all
infiuences other than thbse of thE'jet piume.ﬁhder

-consideration. -



17

7he proposed method is implemented by following these steps:
1. Calculate the panel code singularity. strength
distribution. The onset fiow to the panei'conﬁro]ipoints
is the sum of the freestream flow and all jet/base-
configuration induced fiows.
2. Use the results of step 1 to calculate the local velocity
ratio for each point of interest in the jet plume(s).
3, Use the local velocity ratio for each point of interest
in a jet plume to modify the jet plume propertics,
4, Check for model convergence by comparing the jet plume
~ property changes with a preset tolerance, |
5. If the model has not converged then return to step 1 with
the new jet plume properties, If the model has convérged
then the potential flow solution is complete.
~ The above method should, after convergence, produce a.mu&el which
represents the jet/aerodynamic-surface configuration of interest better
than if the method were stopped after step 1. The only criterion
mentioned above for adjusting the jet plume properties is the local
~ velocity ratio. There may be other criteria which are important to the
jet plume properties, | ' -
Viscous flow modeling +s not included in the proposed method, ~ If a
viscous flow model, 1.e,, a wake model, is required it could be added
“after the potential flow calculation section.’ S |
One ‘should note that the above method describes the modeling of
“multiple jets in crossflow. “The flow field of multiple jets in
crossflow, all in close proxinﬁty to each other, has been observed, by :

;8raden,24 to be more complex than nﬂght be expected. “Two better
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procedures for handling multiple jets in crossflow nﬁght be: 1) to use
a jet/base configuration which models multiple jets in crossflow;
© 2) construct a composite model similar to that of the Ziegler and Wooler
method .20
Presented Midel

Although the method proposed above to solve for flow about V/STOL
atrcraft is feasible at this time, it s not attempted for this
report. As a test and demonstration of the method proposed, a
first-order model, fabricated after the method described above, is
developed, tested, and applied to two specific configurations., The
first-order model is essentially the first step of the method proposed
above. The mode! utilizes an empirical jet plume model from a jet/flat
plate configuration, for the jet influences on the 1ifting surface
configuration, The model has no interaction between multiple jets in
crossflow, although it will accommodate multiple jets in crossflow on
the lifting surface configuration. Also, due to the non-iterative
design of the model, the Yifting surface has no influence on the jet
prbpertiés. The first-order model is limited by the jet/flat plate
. model- to the case of subsonic uniform round jets injected _
perpendicularly into a subsonic uniform crossflow. with jet-to-crossflow
g velo;ity'ratios:from'three;to ten,
~ The computer model presented here is assembled by combining a
-:modified version of the Jet/Aerodynamic Surface Interference program .
(JAsIB) of Fearn.8~as a\setrbf'ﬁubraUtinés; with a Yow-order panel codé
_ fbnz;hreeé61MQnsiqnalﬁlifting surfaces in subsonic inviscid flow = -
- (WBABL).10 The model presented s verified by modeling a flat plate2

with.a rgundeeg?inaa-crossflow.-'Twp other configurations modeled are a
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synmetrical airfoi120 and a streanlined body of revolution.2? The
~ results of each configuration tested are compared with experimental data
in the form of surfa;e pressqre.coafficients and integrated body forces

and moments, where they are available,



COMBININGSET%I%%MIP{]EFER CORNES

The two computer modeling codes to be combined are WBASL, a Tow~
order panel code, and JASIB76, a jet/flat plate modeling code. The
JASIB76 code is a direct extension of the JASIS code, developed by
Fearn.® The JASIB code models the flow over a flat plate with a round
jet injected perpendicularly into the freestream flow. The JASIB76 code
is primarily designed to function as a group of subroutines on a
€DC=7600 computer, and to be independent of any surface configuration,
The WBABL panel code is a Yow«order panel code for solving the flow
about a wing/body combination. The WRABL code also has a boundary layer -
iteration section which 1s not utilized in the combined computer code,
Both computer cades are written in FORTRAN IV, |

WBABL Computer Code

The general structure of WBABL 15 shown in Figure 4, the WBABL flow
chart, The actual program is made up of a serieé of overlays, to meet
" the memory requirements of ghe'Cbc-7600'édﬁputeb system. The overlay

structure {s shown in Figure 5. The executive program, WBABL, shown as

- Overiay (0,0, controls the overall panel code by calling 1n turs the =~

potential flow overlay, QBOLAY. and the boundary layer overiay,
INTEGRAL. The calculation sequence for the WBABL panel code 1 as
follows: - | '

Loft geometry. Al input parameters for the 1ifting and none

1ifting surfaces are read in the overlay WBPAN. The planar panels are

20
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lofted and the 1ifting surface vortex network is laid out. The X, ¥, 2
coordinates of the four panel corner points, for all surface and vortex
panels betng considered, are calculated and written to an auwiliary file
and the cutput file,

Calculate potential flow., Within the WBAERO overlay all potential
flow calculations are made. Due to the numerous computations made in
this overlay, it is the largest overlay of the entire panel code
structure, WBAERD executes as follows: The corner points computed in
WBPAN are read from an auxiliary file, Subroutine ELEMEN s then called
 far each panel, This subroutine calculates the control point Tocations
and the transformation matrix, and then transforms the corner points
from the reference coordinate system to the panel coordinate system.

The panel control and corner points are then transformed to an analog
body by subroutine ANALOG. This is required by Gothert's -
dompressibility rule and is done whenever the freestream Mach number is
greater than one-tenth, Subroutines INFLU and WINGIN calculate the
velocity influence coefficients induced by unit source singu1aritie§ and
unit vortex singularities, respectively. These influence coefficients
~ are combined to form the aerodynamic iﬁfluence coefficient matrix, The
boundary édnditibns,31&Eag”zerd'ﬁofmaljfiow-at.eaCh'pénéi cbntrOTLboiht;
are caléulatéd for each angle of attack and yaw. With the above
{nformation tﬁévsjétem*of“aigébréib'equations relatfng.the-singulahify
strengths and the boundary conditionsis solved for the source and

_ vortex strengths in subroutine SOLVE. With the Stnguiarity'stféngthé.’"
known, the velocities at the';ontrol-boints are detebhihéd; With the
'59é1§¢1t1e55k56wﬁ;fthe'sﬁffééé pfessure§ aEéidéféfﬁiné&;_ Thé3fbf¢estand”

momehts_oﬁ°the'b6dy'are found in subroutine FORMOM. A more detailed
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description of the above procedure js-giyen-in the theory section of
reference-ll.

Streamiine calculation. Overlay STREAM calculates the trajectory
of up to twenty-five body streamlines, The starting location of the -
~streamlines can be any control point. The streamline is traced fore and
" aft to the body 1imits.

| oundary layer calculation. Overilay INTEGRAL contains the boundary
layer calcuylation subroutines, which determine laminar and turbulent
boundary layer development olong the streamiines speci fied above, A
detailed description of the boundary layer subrcutines 1s given in
reference_lo. They are notrotilieedxfor this study and are not
dlscussed here. |

Modi fication of the NBABL panel code for inclusion of a jet-in=
crossflow module 15 necessary if the effects of jets in crossflow are to
be eveluated. The ideal solution to the problem of how to integrate the
jet-in-crossflow module 1nto HBABL would be to create a new overlay for
the jet effects. Thls is not possible, however, -because ‘of the overlay -
hierarchy ano the exi sti ng structure of WBABL, The input to the jet
_code requires that it be addressed.efter the control points are defined,
"e.g., within HBAERO. The output frOm the jet code and the jet '
perturbetion velocities. mast be available to WBAERD: for 1ncluslon ln
“the control point-boundary conditlon,celculetlon. These raquirements
| dictate tnet a jet overlay be addressed. from within the. WBAERO- overlay.-
:but a setond evel overlay, (1.00y HBAERU) can not call other overlays.

_ The fact that the jet-in-crossflow module: can not be an: overlay
”necessltates that it become a group of subroutines within the WBAERD

overley. Thls requirement. brings about new complications, in the form .
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of available memory, WBAERD is the largest overlay of the entire NBABL

package, thus occupying the maximum memory, The maximum nunber of

paneis _(controi points) 'that- a configuration can have is limited by

available memory. which is controiied by the size_of the programs and

subroutines within the memory. 'Tnus. in arder to have a"J'et;i'n-

crossflow module within the panel code, the panel cade must sacri fice

its most valuable asset; its aoiiity to model large comp”iex

' configurations and stili maintain accuracy with a fine panel network.
JASIBT6 Computer Code |

The JASIB76 program is a di rect descendent of tne JASIB program

develoged by Fearn.8 The JASIB program caicuiates tne pressure
distribution induced on an infinite ﬂat plate at zero angle of attack,
due to the tnfluence of a single round Jet in a crossﬂow. ‘The. flat
'piate is modeled by the method of images, and the pressure coefficients
at the controi points on the piate are found by the appiication of the |
incompressibie Bernouiii ] equation. Tne JASIB76 program is a group of
.subrouti nes. controlled by an executive subroutine, wnich computes the _'
perturbation veiocities, at a specified ooint due to the jet piume |
” prOperties of a Jet/ﬂ at pl ate modei. The properties of the jet/ﬂat :

plate model used in JASIB?G are those of 2 raund, uniform, subsonic Jet
” 'injected perpendicuiariy into a uni form suhsonic crossﬂow from a f'lat |

'piate._ The jet-to-crossﬂow veiocity ratio must fall tetween three and .
".t""e'n'. A flow chart out'lining the structure of the JASIB?G moouie is , o
- shawn 1n Figure 6e , o | . |
| " The JASIB76 executive program oversees the oomputation procedure by
systematical\y caﬂing eaoh of the subroutine groups. Contained within

| 'the exetutive program, in the form of comment cards, is a brief hi story
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JASIB7E6

Executive Program

| Subroutines

vartices.

DATA
- | Reads equation
Lparameters.
‘Subroutines: SEGCL
' CLZEQ
CLDZX
CLDZX2
- CLXEQ
ENTFCT
DQG32
Loft jet centerline
geometry for jet. .
entrainment.
Subroutines: -SEGVC - -
- VCZEQ
VCDZX
VCDZ¥2 .
S VCXEQ
- VCYEQ
- GAMFCT
W .- DbOe3d
Loft geometry for -
contrarotating

Subroutines: ESEVVC
Calculate the velocity
components at each
field point due to the
vortex system, :

Subroutines: TOTVCL
' oo VEL

\ Ca!cu!ate'the velocity

compenents at each
field point due to the
Jjet entrainment.

~|-Subroutine: WAKSUB .

Corrects for the .
viscous wake downstream
of the jet core.

Figure 6, - JASIB76 Flow Chart.
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of the JASI programs and a description of each subroutine within the
module, The executive program in the module JASIB76 receives the
FORTRAN CALL statement from the outside program, in this case WBABL,

The CALL statement to JASIB?G contains the arrays specifying the field
points of interest and the je;_perturbation_ve1oc1ty arrays associated
wifn the field points. Both the field points and velocity components
are in the panel code reference coordinate system, Variables passed to
JASIB76, from the panel code, through COMMON statements are the
following: the location of the jet center; jet diameter, D; jet to
crossflow velocity ratio, Ry jet injection angle, §; angle of attack, «;
yaw angle, g; and the jet roll anglg, v« The dimensional units given in
the 1ist above &re all in the panel code reference coordinate system,
The subroutine sectionsch11ed by the executive program are described.
below in the order of their calling,

- DATA. This subroutine reads from the input file the options and .
parameters for the jet/flat plate model. The values in the parameter
‘sets are dependent on;;he.foIIOwing jet-propgrties; velocity ratio, R;
1njection.angte. §; jet exit shape and profile,

SEGCL, - This section approximates the jet plume centerline
geometry; The jet centerline is broken into linear, constant strength
source segments to model the jet entrainment, The SEGCL subroutine. . -~ =
calls six other subroutines in order to'divide the jet centerline and
determine the source strength on each segment, -

SEGVC, The SEGVC section approximates the geometry for the vortex -
paths. As in the SEGCL section the vartex paths are segmented and = -
constant'strengﬁh Qortices are placed on each SEQment. ‘Only the

~starboard vortex: path is _:_a"pproxi":_nate_d;_:-* the: geometry of the -vortex paths: -
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is symmetrical about the K=2 plane in the jet coordinate system, The
vorticity on the port vortex segments is equal in strength and opposite
in sign to that of the starboard segments.

Iglggg, This section calculates the velecity induced at the field
points by the contrarotating vortex system, Contained in TOTVVC is the
caleulatign of the transformation matrix for reiating the jet coordinate
system, as showo in_Figure 2, to the panel code reference coordinate
sysﬁem. as showo'in Figure 1. fhe trensformation matrix 1s used to
transform the field points to the jet coordinate system and the velocity .
components from the jet coordinate system into the panel code reference
coordinate systems The subroutine VVC, which is called oy TOTVVC, is
“the routine which actually ca1cu\ates the perturbation velgcities for
each field point.

© TOWCL. The TOTVCL subrautine, which uses subroutine VCL, is
synonymous in funotion to TOTVVC. in that it calculates the perturbation .
'~ velocities at the field points due to the jet plume entrainment,
| Subroutino VCL is called by TOTVCL. _VCL_oajoulates the perturbation
velocity for each field point. , o
~ MARSUB, Subroutine WAKSUB 15 used to mode] the wake region
ﬁdownstream of-the jet 1n a crossf1ow. At-the time of this writing the
wake subroutine 1s 1nact1ve in the JASIB?E program module, : The reason-
"for the Tack of a wake subroutine is that the only wake model available,
at the time the program was. coded, was an empiricat correction '
subroutine which works direct1y with the surface. pressures only the jetr '
vperturba;ioo velocities are. available in the jet modu?e. At present

“wake mode11ng is hand1ed by a post-pracessor unit, which modi fies the
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pressure distribution downstream of the jet after the main program has
Tinished execution.

Output from the JASIB76 program is provided through three
channels: the CALL statement addressing JASIB76, COMMON blocks, and the
panel code output file. The jet perturbation velocity components far
each field point are provided through the CALL statement; the
perturbation Velocities'are added to the values provided by the CALL
statement at the initiation of JASIB76., The isentropic jet thrust
components, in the panel code refersnce coordinate system, are output
through the COMMON blocks which Tink the panel code to the jet module.
The output, written to the output file, 1s dependent on the diagnostic
and output options specified in the jet input parameters. Niagnostic
| autput ‘from JASIB76 consists of the following all fnput ‘parameters and'
control point locations; geometry for the jet centerline and the '
starboard vortex vortex induced veldcities at a field point for all
vortex segments; total vortex induced velocity for all field points;
"entrainMent induced velacities at a field point. for all centerline .
segments total entrainment 1nduced velocity for all field points. and
 the jet thrust components. |
Recall from the previous description of wBABL that the overlay
' WBAERO occupies the largest quantity of care memory, and that the
JASIB76 code must be plaoed in this overlay. For this reason the core
memory requirements of JASI876 are reduced. .The primary method of
reducing the core memory requirements of a program executing on the _
”coc-7soo computer is to place as many variahles as possible in the Large
Central Hemory (LCM) region of the computer, All variables in labeled
ZCOMMGN arrays within JAS[B?G are placed n LCM. As 3 result of placing |
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all possible arrays in LCM, the JASIB76 program requires only three
variable arrays to be in the core memory., These are the perturbation
velocity components. Each of the velocity'arbay5'1s dimensioned to ﬁhe
number of control points.__The only other arrays in core memory of any
significant size, are therf1eld point locations, and they are required
to be in core memory by the panel code, WBABL, |

The Comb1ned Computer Code, WBWJAS

The combined computer cude. known by the acronym NBwJAS, is formed
by add1ng-the JASIB76 mndﬁlé to the WBABL panel code as a set of
subrautines in the WBAERD over1ay. A flow chart of the NBNJAS execution

is shown in Figure 7, The flow chart shows that the structure and flow
| of the WBHJAS program is identical to WBABL, except for §heaadd1tion of
.Jet‘effects before the potential flow calculation. 1f the WBWJAS
program 1s executed without jets in crossf1ow the-execu;ign.and:qutput
would be identical to that of the WBABL program,

The execution of WBWJIAS with a jet in crossflow will differ from
NBABL as follows. After lofting the geometry for the body and wing
panel networks, the program reads to dg#ermtne if there will be any jets.
in ﬁfdsﬁf\ow and if so how many, The pane) code next determines the
ueln;ity.field.pec;urbations:due.to upit singularity strengths on the -

source and vortex panels, This is the same as WBABL. When all geametry

is known, WBABL calls the JASIB76 module, passing it the field points. . .

~and jet perturbation velocities for each field paint, When execution
returns from JASIBJG,jthe_value;of_the»jet=perturbationavelocitﬁeS-15
sthe input valye pius the v&lue‘determined'fof the jet that was just

addressed, After all jetsin crossflow have been addressed. the panel

,code treats the jet perturbation velocities as if they are a part of the"



31

TNPUT GEOMETRY FOOR QuaLry

ANGLE OF ATTACK
REYNOLDS NUMBER

Y

LOFT GEQMETRY »|  CALCULATE JET EFFECTS

‘A

CALCULATE -

POTENTIAL FLOW

CALCULATE
-~ STREAMLINES

=

CALCULATE
BOUNDARY LAYER
DEVELOPMENT ON
© STREAMLINES
INCLUDING
SEPARATION POINTS

CALCULATE BOUNDARY T IR
LAYER SOURCE .

.} . DISTRIBUTIONS . = <} - )~ "'.'ITR'MAX'

| CALCULATE
3w  FORCES AND

STREAMLINE ~ T | MOMENTS
B T U N ——

Figure 7. - WBWIAS Program Flow Chart.



32

freestream flaw, The right side of the matrix equation, the boundary
‘conditidh;..;_ 1s computed using the jet-in-crossflow perturbation
velocities as components of the freestream ﬂo'w. The matrix equation is
solved, as 1t would be 1n the non-jet in crossflow case, for the
singularity strengths. With the singulariiy strengths known, the
velocity at each control point is:the sum of the freestream velocity and
all perturbation velocities. The pressure coefficients at each control
point are then found u's;ing‘ Bernoutli's equation, This completes the
potential flow calculation for WBWJAS.

The streamline tracing and boundary layer calculation sections
follow the potential flow calculations, These sections do not have to -
be exercised when executing the panel ¢ode and for this thesis they are
not exercised, The final computation in the panel code {s the numerical
tntegration of the pressure distribution in order to determine the
forces and moments., The deci sioﬁ block in the flow chart (Figure 7)
folTowing the force and ‘moment calculation, ITR=ITRMAX, refers to the
number of angle of attack cases being investigated, If only one case is
used the program would stop execution after the first complete run. "

The WBWJAS program is not without limitations, The program
contains most of the limitations of the WBABL and JASIB76 programs plus

~others, The reader is reminded of three main limitations to JASIB76:
~ it'models a round uni form, subsonic jet injected perpendicularly into a
| uni fofin subsonic crossfiow; the jet-to-crossflow veldcity range 1s valid
" ‘from three to ten; and the model properties at this time are based on a
jet/flat plate configuration, The limits of WBABL are 'as. follows: it

does'not model. the interference effects of jets in crossflow; it is
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Timited to 1500 total control points on one side of the X-Z symmetry
plane; and it ts 1imited to subsonic:attached flow oniy,

The limitations of the conbined program, WBWJAS, which are not
mentioned above are included now. The code 1s restricted to
approximately 660 total control peints on one side of the X-Z symmetry
plane, due to memofy restrictions. The influence of the 1ifting
surfaces on the jet properties are not accounted for. There are no
interactions between multiple Séﬁs.in.crbssfﬂow. and thé wake region
downstream of the jet core 1s not modeied. .

The input/output structure of NBNJAS is simp1y a combination of the
WBABL and JASIB76 cades, with all options of each code still available.
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Three basic configurations are tested using the WBWIAS pane) code -
with jeteinecrossflow effects, The three configuratians are a finite
flat plate, a bady of rcvolutioh. and a symmeteical airfoil section,
The panel code configurations are paneled to match as closely as
possible the configurations which were testad in low speed wind
tunnels, The first configuration tested, the flat plate, is used as a
~ tool to verify the WBWJAS program execution, The body of -revolution and
the symmetrical airfoil are both examples of easily modeled generic
configurations, for which wind tunne) pressure data is availabie,

. Flat Plates

Three flat plate configurations are utilized in the development of -
‘the WBWJAS program. The first is used only for program develupment work
‘to verify any modifications, It ts a thin, rectanghlab“grid; eighty= - |
four control point flat plate with no thickness, The second flat piate
‘¥s also used for developmental testing and 15 not presénted*as a data
source, This plate is rectangular with a f{nite thidkness. The upper
‘surface 15 a radfal grid with the jet located at the center. The Towér 
surface is a rectangular grid; 1ts edges are level with the upper
surface, ‘The final flat blfa'te,' which fs used for actual testing
- purposes, is a thin, rectangu1ar'grid plate. The_semi;séah dimension is
100 units with the chord length variable, The final chord length s 165

units and the panels are five units square. These dimensions yield a

34
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f1n§| configuration of 660 panels. The jet in crossf}ow s Iocéted at
(75,0,0) and has a variable diameter, The final jet diameter is ten
units. As tested the flat plate dimensions in jet diameters are langth
16.5 0, width 20 D; the jet is located on the centerline 7,5 D from the
1eadi ng edge, The reference ¢oordinate system is located at the leading
-edge along the plane of symmetry. The reference angles a, 8, and y are
all zero. indicating the jet coordinate system is paraliel to the
reference coordinate system,

The flat ptate configuratiogn 15 used to determine the maximum
nqmber_of panels a configuration can have, and to determing the |
acceptable rangé df péneI denéities. which give satisfactory reéu!ts, in
the near jet region, The maximum number of panels iﬁ_faund_py varytng
the plate chord.. The acceptable range of panel densities can be found
by varying the jet diameter. _ i

The wake region downstream of the jet core is modeled by an
empirical wake correction scheme as qgs;ribed»in reference 8, The wake
~ corprection 1s:16:a post;processor unit to the panel code and modifies
- only the surface pressure distribution. The wake ccsrection uses the
empirical pressure distributiong along the downstream ray from the jet
_qrifjcg, to estimate a_qpprec;ion factor-which.is gpplied.to.the :
hreséure’distribution witﬁin the wakerbegion. | |

. _ - Body of Revolution = _

Many. experimental 1nvest19ations of jet-in-crossflow flow
_ properties have placed attention on flat plate configurations, or
.'ietéidélifting~surfacé{configurations. These cqnfigurations,have 1it§ie
- Af any curvature of the 11fting surface near the jet in crossflow. Few

“investigations have been made df'a jet/aerodynamic-surface configuration
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with a high degree of surface curvaiure near a jet in a crossfiow (e.g.,
a jet/fuselage configuration). A single engine Y/STOL aircraft will
probably have 1ift jets located in the fuselage, for the simple reason
that locating them elsewhere would require complex ducting, adding extra
- Weight and expense, The simple generic model for a fuselage is a body
of revolution, A recent wind tunnel investigation,2’ at NASA Ames
Research Center, studied the surface pressure distribution on a body of
revolution with various jet configurations, The body-of-revolution
configuration studied at NASA is modeled here with the WBWJAS computer
code, for the case of 3 single jet in a crossflow with perpendicular jet
injection, |

The body-of-revolution model tested by NASA is shown in Figure 8,
which is reprinted from the test repor’t.a." " The model s four ‘inches in
diameter and efghty-one inches in length, The jet diamater is
1.94 1n¢hes; - The mode! has-a wooden, streamlined nose, and is strut
supported at the rear. The jet center for the single jet case is
located twenty-two inches from the nose. Two jet nozzle exits were
used, The first was flush with the surface of the bady, which is
referred to as'a contoured exit. -The second, a flat top exit, was~Tével°
with the top of the model.

The computer configuration of the body of revolution is paneled to’
approximate the control point lacations to the pressure ports on the |
_wind tunne) model.: The computer confﬂguration is divided 1nto six axial
sections known as patches. The patches are paneled using the

bbdyaOf-revoiution geometry optioﬁ in BNJASQ” The patch structure 1

shown in Figure 9. along with an end view showing the panel structure in :

. the jet region. - The nose. forebody, aftbedy, and tai1 patches are ”
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anrsély paneled, such that they.maintain the body shape with a
r§1at1vely small number of panels. The jet patch fs gimulated with a
fine panel grid. approximating the pressure port locations on the test
model, The jet patch contains 540 panels and all other patches combined
have 120 panels., The reference coordinate system origin for the body-
of-pevolution madel is located-at the nose of the model, as shown in
Figure 9. All length units are relative length units based on a bady.
diameter of four units. The jet in crossfiow s located at (22,0,2.0)
far the flat tdp exit, and (22,0,1.732) or (22,0,1.5) for the contoured
exit, The jet is two units in diameter. The orientation angles a,
8, and yare all zero. :

A wake correction s not applied to WBWJAS for the body-ofe
revolution models. As will be seen in the next section, the data shows
that a wake ;prre;tioq;js not needed for this configurdtion,

Symmetrical Wing Section

Throughout the early sections of this thesis ft is stressed that

QBWJAS does not model the influence of 1ifting surfaces on the jet~ine
-crossflow properties. -To investigate the 11 fting-surface influences, a
syhmetrica] wing section is modeled. The symmetrical wing section
modeled 1susimilar:to-a”jet/wing.coqfiguhatiqn*that_wasztested by SR
- Mikolowsky,25 in the Georgia Institute of Technolagy nine-foot Yow-speed
wind-tunnel. The data from the WBWJAS model are compared with data from -
-the wind tunnel model. '
¥ The wind tunnel mode\ spanned the: entire test section-with-a
~ NACA 0021 airfoil sectian whose chord was 15,37 inches. Two jet
- -configurations - were tested and are now_deg;ribed.~sThe:first?iec-

configuration had a diameter of 1.5 inchies, with the jet centerling exit
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location at either 25, 46, or 65 percent chord, The second had a jet
exit diameter of 3.0 inches exiting at 45 percent chard, The jet-to-
crossflow velocity ratio was varied in the range from twp to twelve.
The tests were performed at three_ping_engles of attack: 0°, §°, and
9°,

The computer configuration paneled for WBWJAS is that of a finite
semi-span wing., It has a NACA 0021 airfoil section with a chord Yength
of 15 units, and an aspect ratio of twenty, The jet diameters used are
1,5 units and 3.0 units, and are placed in the wing at {dentical
Tocations to those on the wind tunnel model, The configuration is
tested at jet;to-crossf1ow've1ocity ratios of foup:and.eight, and angles
of attack of 0° and 6°%,
| The wing 1s not paneled such that the control points coinc1de with
the pressure port 1ocptions. The wing madel is divided into three
'patche%. They are a‘near-fieid patch; a mid-field patch, and a far-
field patch. The near-fieId patch extends. from ‘the symmetry plene, on
which the Jei is !ocated, to a paint 4,5 units in the spanwise
direction, The near-field patch ;ontains ten spanwise:sectiqns, each
contaiping"forty-six panels (thirﬁy an the.lpwer surface and sixtesen on
the ppper_surfage), _Thg mip-fielq_patch, extending from 4,5 units to
15, b pnits in the spamwi se direptiun, contafns four spanﬁise sections.
:Each spanwise section contains sixteen panels an the 1ower and upper -
surfaces, for a tota] of thirty-twp per section, The far-field patch
extends from 15.0 units tp_lso.ﬂ units in the spanwise direction, and. . .

cpntaips altofal of fprtyaeighf paneis'in six spanwise sections.

The Jets are always Iocated along the plane. af symmetry and exiting.

'the Iower surface of the wing perpendicular to the freestream flow. In -
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the wind tunnel model the jets were perpendicular to the chord line,
”gfﬁing non;perpéndicular jet injection angles. For the computer model
the injection angle is always perpendicular to the crossflow,. regardless
of the wing angle of attack. The jet 1s located on the wing lower
surface. The reference angles are the following: «, aqual to:.wing
angle of attack; 8, always zeros v, always one hundred eighty degrees,
50 the Jet exits from the wing 1ower surface.

A wake correction is made to the computer generated data, This
wake carrection is 1dentical to the one used on the flat plate
.configuration. This wake carrection is applied only to the surface
pressure data, and not to the. force and moment data. As a post -
_processor section, the wake correction scheme could not be suppiied with

the necessary data to correct the force and -moment data. .



RESULTSSEggIggNgLUSIONS
Flat Plates
Flat plate models are used primarily to debug the program and

validate the numerical methods, The third flat plate, mentioned eariier
as having a variable plate chord and variable jet diameter, is used to
find the maximum number of control points permissible, The maximum
nunber of contral points that can be used in the WBWJAS program is -
dependent on the amount of core memory available, and is independent of
~ the confiquration being tested, The maximum number of control points is

found by varying the flat plate chord length while maintaining a
-econstant panel size. For the (DC-7600 computer system at Ames Research
Center the maximum number of control points §s six hundred sixty.

The jet diameter is varied on the flat plate, while maintaining 2
constant panel size, to determine an accepfab1e range and value, for the
ratio of the jet diameter to theacontrol-bointaspaciﬁg.'ﬂujgp, The

“ratio RD/Sp is synonymous to the panel density, and is imporﬁant only
within the near-jet region, t.e., within approximately. four jet '
diameters of the jet orifice. The criterion for finding the acceptable -

_range of the ratio_RD,gp'is-the a§reément-of=50rface'hreééﬁre'contour

co-plots, This criterion ¢an be interpreted as finding the minimum

. number of data points per unit area necessary for the particular contour

plot program being used, This is not the intent of the criterion. The
intent of the criterion is to find the acceptable range ?oh"Rnkgp o
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required ﬁo yield an acceptabie pressure distribution on the surface of
interest, A maximum ratio can be found by testing for the effects of
roundoff error in either the output data or resulting contour plots,
Good agreement between the computer pressure contours and the
experiméntal pressure contours for a jet/flat plate model are found

- for 1.0 < RD[Sp < 5.0 « At values.of Rpssp greater than 5.5 the effects
of roundoff error become evident, and below 1.0 the data is too sparse
for the contour plotting program to produce smooth contour lines,
Agreement of pressure coptours is found to begin at values of RD/Sp =
2.0 and continue to 4,0 . Thus the value of Rpsgo used for the flat
piaie models 15 Rpssp = 2.0

Surface Pressure Data o -

A comparison of préséure coefficient contour lines is made, for
thres di¢ferent sets of data, in Figure 10.  The three data sources are
all for a'uniform round jet issuing perpendicularly into a uniform

~ crossfliow from a_fiat,p]ate.__The-three data sources are experimental

“data from reference 25, UBHWIAS, and JASIBS which models the flat plate
. asan infinite.plate by the.method-offimages;- The_figure-shows

' safiﬁfactbny agréeﬁent between the three data sources for all contour
linesrshpwn. o

Force and Moment Data

. The iﬂtﬂffgfgﬂFe_1ift=aqd_pitching-moment_effectsiof-the-jet-inva.~,
crossflow on the flat plate are also documented, The interference 1ift

_is non-dimensionalized by the.isentropic jet thrust-and }5_d§fined_
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The interferance pitching moment about the jet center is non=
dimensionalized by the product of the isentropic jet thrust and the jet
diameter, and is defined ‘

M5 M geton = M et off

The 1ift and jet thrust for the flat plate are defined to be positive in
the négative-“!"-directibn of the panel code coordinate system. The -
pitching moment is defined positive in the negative "Y" direction for a
right hand coordinate system. S o
The interference 1ift and pitching moment on the f]at plate are
“given in Table 1, The data fram the WBHJAS program 1s presented with
and without a wake éorrection. The data from reference 8 for the JASIB “
~ program, with and without a wake corréction, is provided fbr compaEf§dn
with WBWJAS data. It should be noted that the forces and moment s
brovided‘by JASIB and the experimental data aré”produced by numericaily -
integrating the surface pressure distribution over_a'pefErence circie.
" Tnis reference circle is centered at thé'jeticénté} and has a dTameﬁeb
of eleven jet diameters. Force and moment data from WBWJAS are
determined by using an area which aprﬁiimétég the reference circle for
‘numerical ihtegfa@ioh'of the surface pressures, .The'diffErences in the
"fbrée"aﬂﬂ-mOmént.data“refIécttfhe'diffeﬁenCQS in the éﬁrfaée préﬁsure:'

contour'plot. Figure 10, for this'flat plate configuration.



TABLE 1. - INTERFERENCE FORCES AND MOMENTS

CoASE | ~ MODEL EXPERIMENTAL
a B } a i
FLAT PLATE?
BWIAS Bata, no wake ] -0.20 -0.091 0,25 0,013
JASIB Data, no wake 1 e -0,075 -0.25 0.013
BWJAS Data, wake correction _ -0,23 .- 0.012 - -0.25 0.013
JASIB Data, wake correction S -0 0.018 -0.25 0.013

BODY OF REVOLUTIONY

Flat Top Exit, R=8, ZJCT=2.00 ' -0.0% 0.12
Contoured Exit, R=8, ZJLT=1.732 -0.10 - 0,09
Cantoured Exit, R=8, ZJCT=L.50 : -0.16 0.06
Contoured Exit, R=4.7, ZJCT=1.732 -0.26 0.17

' 2gxperimental data from Reference 25,

buo experimental force and moment data available,

114
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Bady of Revelutien

The body-of-revolution madel is intended to investigate the
usefulness of the WBWJAS program for mnde1ing bodies with high degrees
of curvature near the jet in a crossflow. The model utilized, as
described earlier, has a baody-to-jet diameter'retio of two, The body-
of-revolution data {s presented without a neke carrection. Data is
presented for four body-pf-revo1ution cnnfigurations. The first three
configurations have a common value of the jet-tp-pressflow velosity
ratio of eight; the jet center location “Z" value is varied in the three
configurations. The fourth configuration is with the velacity ratio

equal to 4.7 .

Surface Pressure Data
| The surface pressure data, provided by wBuJAS, are compared with
the results of the NASA experiment.z? The data is presented as
interference pressure coefficients, These are defined as the pressure
coefficlient with the jet on, less the pressure coefficient with the jet
off. Both values are measured at eqnivelenf test conditions. The data
is praesented as plnts of axial variations in interference pressure
‘coefficients. nﬂp. The axial plots are presented for constant Y/D cuts
of 0.0, 0.24, 0.47, and 9.84,»_ - o
”?fgnre:iiipreeents»fnur eurface preSSure plots for a jet center "Z°
value (ZJCT) offz;n N This canfiguration is. representative of a flat .
5*t0p’jet‘éx¥t. Exper1menta1 data for‘e similer configuration is also
| shown 1n these plots. The data from HBWJAS, plotted as a solid Tine,
: egrees well uith the experimenta1 data. ' o
Figures 12 and 13 present data for ZJCT values of 1,732 and 150,

respective1y. These velues of ZJCT arewin;ended to,medeI’the contoured
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jet exit. The value of 2JCT = 1,732 is chosen because the experimental
model has jet side walls to a hefght of 1,732 inches above the body
centerline. The 20CT = 1,50 value is chosen to investigate any trends
that may develop by submerging the jet within the body. The pressure
plots §n Figures 12 and 13 show that the WBWJAS data matches closely the
experimental data for a contqured Jet exit on al} but the symmetry plane
axfal cut, The WBWOAS program does not predict the negative pressure
field to the aft of the jet along the Y/D = 0.0 axial cut., The nrogram
shows a deceleratien of the flow forward of the jet orifice and an
acceleration region away “from the Jet orifice, downstream of the jet,
The experimental data, on the other nand;'shuns no deceleration of‘tﬁe
flow forward of the jet, and a definite low pressure region aft of the
jet, .84, a small wake region, The data of Figure 13; for ZJCT = 1.50;
indicates that as the jet is submerged into the body, the computer code
does not predict the low pressure region aft of the jet, along the Y/D =
0.0 cut, The submerging of the jet-in-crossflow exit does stightly
‘improve the data for off centerline cuts (Y/D # 0.0), when madeling the
contoured exit jet, | | |

" Figure 14, which presents data for the contoured jet exit with the .
~ velocity ratio equal.to 4,7, shows similar trends to the R = 8 contoured
jet exitﬁtonfigurationa='ThishindieateS"that'disdrépancies:betneen the =
experimental and computer generated data are 1ndependent of jet-to-
crossflow velocity ratia, B E

A wake correction is not used on the body-ofhrevolution modeIs.

- Close agreement between the experiment and computer generated data fbr
all axfal cuts except the contoured exit symmetry plane axial cut

{ndicates'a wake correction is not necessary., This author“béfievesitﬁe""



.tJ Reference 27, Contoured Exit

e HBWJAS, 2JCT = 1.732

{(b) Y/D= 0’.24‘

-2 1 01 2 3 a4 s 4 3 21 0 1 2 3 4 §

X/D

(e) v/ = 0.7 (d) ¥/D = 0.84

Figﬁre 14. - Interference Surface Pressure '(Al:p], Body of Revolution, R = 4.7,

ALvnd ¥ood dJ0
51 20Vd WNISIO

s



53

absence of an extensive wake region aft of the jet in a crossflow is a
result of surface flow around the body into the region aft of the jet
orifice. This surface flow is possible due to the high degree of body
'curVatuﬁe-which results in 1ittle actual body surface area within the
region aft of the jet orifice.
Force and Moment Data

The interference 1ift and pitching moment data for the body-ofa
revolution models is presented in Table 1, The interference 1ift and
pitching moment are defined the same as for the flat plate

configurations. Wind tunnel experimental data is not available for the

body-of-revolution configurations.

The interference 1ift data shows.a 1ift loss due to interference
effects, which is to be expected, The steady increase of the 1ift loss
s also expected from the submerging of the jet into the body, or the
reduction of the jet-to-crossflow velocity ratio. The nose-dp\pitch?ng
moment 15 expected, although the trend of decreasing nose-up pitching
moment with jet submersion into the body is not expécted.- Based on
- pitching moment changes for flat plate configurations, one would expect
that as the interference 1ift loss increases, so would the interference
__pitching: moment, -although for this case, the majority of the 1ift loss .
is not aft of the jet, The increase in interference pitching moment is
expected for the fourth case (B8R 4), relative to the second (BR 2)e -

nggetficai Wing Section
A symmetrical wingysection-moﬁel,is used to.investigate.thé :
accuracy of the jet/flat platé model where simulating a jet)wdng
. configqrétion.;.Ihe=symmetrical,wtng sectinn-model-usedgmas_d&;criped-;_.z

ear}ier. is a NACA 0021 wing'sectidn'with a fifteen unit chord and an
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aspect ratio of twenty. The surface pressure data is presented with a
wake correction which is similar to the flat plate wake correction, Six
configurations are tested; a base configuration and five others which
are each a single parameter perturbation of the base configuration,

_The wing section modeled by the computer program is a three-
dimensional" semi-span wing, whereas the experimental model is a two-
dimensional full-span wing. In order to compare the two sets of data,
it s necessary to adjust the computer model's span such that three-

- dimensional (tip) effects within the region of interest are |
negligible, The tip effects are found to be insignificant, within the
region of interest, by adjusting the fu\l-span aspect ratio to twenty. _
This places the wing tip one hundred jet diameters from the jet orifice;
the region of interest. for interference pressure plots extends to eleven |
jet diameters from the jet orifice.
~ Six different wing configurations are modeled with UBWJAS, The
wing conﬁguration parameters which are varied are the following: the _
Jet exit locetion in percent chord, x_,lc jet diameter in percent: cherd,
Dj/c jet to crossﬂow Velocity ratio, R; and the wing angle of atteck.
. O The base configuration has the following parameter vaIues~ lec =
45%; D /¢ = 10%; R = 8; a= 0.,0°, Changes are made to the base
_ configuretion as follows: X./c to 25% and 65%;" b /c 'to 20%; R to 4 and’
Hﬂete 6% The data obtained from each computer configuration s compared
with experjmept__:q}_. data and ‘presented as surface...pressure-,-pl ots and force

' a‘nd moment datas
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Surface Pressure Data

. Data from each configuration is presented in the form of an
interference surface pressure (e.cp) contour plot. Each graph is a
- ¢co=plat of data from the WBWJAS computer program and experimental
contour from wind tunnel tests.20 The plots show the interference
surface pressure coefficient contours on the lower sUr-f_aée-of-the
wing, The pressure plots are given in Figures 15 through 20 with the
base configuration shown in Figure 15, Each change to the base
configuration involves only one parameter each and are shown as
follows: Figure 16 is for o = 6°; Figure 17 for the forward jet
location, xj/c = 25%; Fighre 18 the aft jet location, xj/c = 65%;
Figure 19 1§ the lower value of jet-to-crossfiow velocity ratio, R = 4;

and Figure 20 is the large diameter jet, Djlc = 20% Each aC_ contour

- line is labeled 1f space permits; $f a line is not labeled itz value 15
that of the closest neighboring contour line,
The following observations can be made -about all of the contour -

plots: 1in the near jet region, less than t_'wo and a half jet diameters
“from the jet orifice, the interference surface pressures are predicted
satisfactorily by the WBWJAS program; for the remainder of the region of
: 'int__e‘r.'e_sﬁ the WBWJAS program is predicting stronger jet interference -~
- effects than those observed in the experimental data, The differences
 between the two sets of data might be-attributed to the lack of 1ifting
- surface influence on the jet plume properties. “ -

- - The effects of changing angle of attack to « = 6° do not appear to
be strong. One should remember that the jet is on ﬁhe wing 1 dﬁer

" surfate, 'The effects may be more pronounced if the angle of attack had ™~
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been changed to a = =-6% txperimental data s only.availahie for
positive angles of attack,

The effects of jet movement fore and aft on the wing can be seen in
Figures 17 and 18, Moving the jet forward on the wing tends to magni fy
the disagreement in the two sets of data. Moving the Jet aft on the
wing tends to decrease any disagreement in the two sets of data, These
two abservations may be due to the greater 1tft1n§ surface effects near

the leading edge of the wing. _
| The effects of decreasing jet-to-crossflow uelocity'ratio (R) are
seen in Figure 19, This decrease in velocity ratio is similar to
stronger Tifting surface influences. Again the 1ack of 1ifting surface
influence on the jet in crossflaw may cause the computer model to
predict ctronger jet-iﬂ~cros$fiou interference effect$;

The effect of increasing jet diameter, as shown in Figure 20,

" appears only to magnify the resu1ts'for-the:base'configuration.. Tne d

Jjagged appearance of the experimental data contour lines may be due to .

- sparse data, It has been this author s ‘experience that sparse data o

often 1ead to inaccurate contour lines.

- Force and Moment Data | |

» Interference 1ift and pitching moment data are not presented here -
for the symmetrical wing, The reader 15 reminded that the force and

moment data from WBWOAS is only available nithout a wake correction,

~ therefore, it is not representative of the real flow field. The autnor B
of reference 26 indicated that he encountered balance problems during

the wind tunne\ tests, thus tne experimental data is not reproduced

here,
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General Conclusions
Resiits from the configurations tested show the jet/aerodynamice
suprface model, as presented here, is capable of approximating the
adierse~&erodynamic interference effects associated with some generic
aerodynamic configurations in transitional fiight, The results of the
flat piéte-models-indicate that the jet/acrodynamic-surface model
presented here is correctly approximating the surface pressure
distribution on a flat plate model when a wake corrgction~is used in the
viscous wake region, The body-of-revolution model demonstrates that a
‘wake correction is not always necessary, and that the jet interference
effects on this body are similar to those on the flat plate model, The
~ surface pressure data from the symmetrical airfoil models indicate the
1ifting surface effects on the jet in crossfiow are not detrimental to
* this jet/aerodynamic-surface wodei, - These ‘favorable results should
provide the necessary justificétion to continue development on the
iterative method proposed. -
| Continued Research

" As a close to this-report the author would like to suggest the
following areas for research and deveiopmémt on the WBWJAS program: .
development of a wake model which mantpul ates the jet perturbation o
velocities in the wake region; extension of the jetnin-crossflow model-
‘to handle varying aet-injection-angles; extensions to handie various jet
exit velocity profiies and shapes; increases in the_range of valid jet=
to-crossfiow velocity ratios; and most important, to make'the program- -

iterative for the effects of 11fting surfaces.
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