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PREFACE

This final report is an account of the work comp leted at the McDonnell Douglas Research Laboratories on 0(11cc of
¶ Naval Research Contra c t No. N00014-76-C-0494 under the following three phases:

Phase I Viscous Aowfields and Airframe Forces Induced by Two-Dimenional bit Jet s In Ground Effec t
( 1  February 1Q76 to 28 February 1 Q77)

Phase 2 Compress ible Viscous Aowfi elds and Ai rframe Forces Induced by Two-Dimensional Lift Jets in Grou nd
Elkc t I February 1Q77 to 28 Februa ry 197$)

Ph.sse 3 Vls~ous Flowfieids Induced by Three-Dimensional Lift Jets in Ground EtTec t ( l February 1978 to

• 28 February I” ’~
))

Th is work was done in the Flight Sc iences Department , managed by Dr. Ri. Hakkinen. The principal invest igator
(or the first phase was Dr. DR. Kot ansky ; the principal investigator for the second and third phases was
Dr W W. Bower. The flowlIcld numerical work was done hs Dr. Bower. Dr. R.K. Agarwal. and Dr. G.R. Peters. The
computer grap hics rout ines we re written by Mr. P.W . Bicrdeman and Mr. G.P. Tomaachke.

The program monitor was Dr. RE Whi te head. Office of Naval Research , Asiin$ton, VA.
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I. INTRODUCTION
With the current interest in ~e% and (an-powered vertical-takeoff-and4ariding (VIOL) military aircraft , there has

been ,in increasing demand for improved pertot mancc-predictiun methods. This demand is g reatest for techmqu es
to predict pro pulsion-i’sduced sc roJ~ rianuc eff ects iii the hove r mode of VIOL flight.

This tas k i s not ej ss  - howeve r , since the hover mode ot a VTOL aircraft is clsa ract er ized by complex flo w

phenonsena. Amb ient air is ent raits ed into the tilt jc ts and the wall Jets , leading to an induced duwnflow of air
.uound t he a i r c r at t and a result ing su ck do wr i lorce . In addition , t he inward jet flows collid e and create a stagnat ion
region from which a hot gas fountain emerges arid imping es on the lowe r fuselage surface . The fountain is a source
ot positive induced forces which, to some extent , counteract the large suckdown forces near the ground. However ,

the fountain also heats the airframe surf ace and can resul t in th e reingest lon of hot gas into th e inlet.

The VTOL. ground-effect how is c har acterized by t hiec -d ime ns io nality . high turbu lence leve ls , com press ibility.
str ong press ure gr adi ents . and regions of scagnatni ri point arid separated fl ow . In order to gain a fundamental under-
st and ing of Iii t-ict induced t1~ ws . in cluding ent rai nment and fou ntain c haracterist ic s, the McDonnell Douglas
Resear c h Labo rato r ies MDRL) has over the past three ‘,ear s conducted a theoret ical investigati on of two - and
rhree-iiimensional impin ging je t s , under contrac t to the Off ice oh Naval Reseii rch (ONR).

Iii the first two yea rs ol the contrac t , attenti on was I scused on a single , planar . unvec to te d lilt Jet in ground
e t tec t . illustrated schematicall’. in Figure I. T h e jet ca it s I root a slot of width D in a contoured upper-surface a
distance H above the ground plane The region of interes t extends a d istance W on each side of the Jet center line.

The j et blow lieU ~.an be ~haracte iiic d by the following three reg ions: a free-j et region in which the flow is essentia lly
the same as that ol .i j et iss uing Into an unbounded reg ion of the same fluid , t he imping ement region in wh ich the

flow chang es direction wit h a larg e pres s ure gradi ent and the wal l-j et region in wh ich the flow traverse s the surface
with ic ro pressure gradi ent. The fl uid surround ing t he j et  is entra ined at its boundaries in all three regions. This
entrain ment results in art induced secondary P w which can produce suckdown Iorces on the airframe undersurface
and an ass ocia ted l il t loss

• . 
~~~~

N~ I I I ~,~Frse p.r reg,on~ ~~~~
‘

~~~~~

~~~~~~ ~ ~~
- tmprn~~ment ~~~~

W region

*

- 

Wat i region

Figure 1. Ths plan., imØn nI 
letI
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~Isolated regions of the flo wfiel d i llustrated in Figure I can be analyzed with simplified techniques~ for example,

Rubel 1 has predicted the ground-plane pressure distributions in the impin gement region using an incompressible,
uiviscsd, rotational model for two-dimensional flow. Mthougls good agreement has been obtained with measured
ground-plane pressures, th is approach cannot provide the fuselage undersurface pressu e va nat ion that is necessary
to calculate the suckdown force.

A more rigorous analysis of the planar Impinging Jet , based on solution of the time-averag ed Navier-Stokes
equa tions in conjunction with a turbulence model, has been adopted by MDRL in its contract work with ONR. In
the first year of this eff or t , an isolated, planar , inc ompress ible Lift Jet in ground effect was analyzed , and in the
second s ear this analysis was extended to compressible flow. In both endeavors , the time-averag ed conservation
equations , combined with an appropr iate turbulence model, were solved in str cam’ lunc t ion/vo rti c ity form. A
conformal mapping procedure was used to tra nss for m the nontei tangu lar physical plane In to a rectangular compu-
utional plane, and a second-orde r -accurate , finite -difference scheme that is stabl e for all Reynolds numbers was
app lied to the trans formed differential equations. The disc ret ized syste m was solved iteratively using point relaxation
fo r a range of the dim ensionless parameters which character iz e the problem .

In t he third se ar of the contr ac t work with ONK , MDRL extended i ts Nastier’Stokes analysis of impinging jets
to three-dimensional geometries. The configuration of pr imary interest , shown schematica lly in Figure 2. consists
of two interacting, init ial ly a~iiymmetrtc j ets with fountain formation . The jet s exit from two axis ymmetr ic
nozj lcs , each with diameter I), whose centerlines are separated h~ a distance I and whos e exit planes are a distance
H above the ground. The w idth of the iegion 01 interest is the dimension W , measured from the jet centerline. As in
the case of the planar jet , the flowtleld can be characterized 1w free-jet . impin gement . and wa ll-jet regions. In
addition , a fountain.upwash region is formed as a result of the interaction of the opposing wall jets. The inclination

‘b the fount ain is dependent on the geometry of the configuration and the ratio of the jet strengths. The fountain
is a key element of the problem and the major motivation for analyzing thu geometry , for as Walter s and Henderson 2
conclude in an assessment of current method s to predic t the aerod y nami cs oh V Sift aircraft . “ a major deficiency
(‘~~istS both in availahk data h~ sc and prediction methods relative to tountairi.unduced effects

• 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Figure 2. Two lworscbn~ WWd.fly ~~Nynwnstñc jess impks~ng psrpsndiculsdy
on the ysund with lountatn fomis~on,

2
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An incompressible, inviscid, rotational flow mode l that is app licable to th ree-dimensaonal ,j et- impin ge ment
problem s has been described h~ Rubel 3 . This technique has been used to compute in a cartesia n coordinate syst em
iii axs s mmelrsc Jet impinging perpend icular to the ground , but calculations of inte racting jets with fountain
lonnution have not been reported .

The h,j~is of t h e MDRL approac h adop ted in the ONR contract for predicting three-dim ensional , impinging Jet
flows i~ again a t inute-di f lerenc e solution of the time-aver aged , Navien -Stnkes equations with a complementary
turbulence model The conservation equat ions were solved in term s of scal ar and vector potential function s and
s ’ i t u~ it 5 Siu .c the soluhon domain usa parallele piped, a conformal mapping was not requited Solutions u t  the
i~..’%t’iulifl~ equations w ere obta ined with an extension to three dimensions of the se c&x id- o rde r-acc ur ite. f inite-
di tt erence algorithm used in the planar -jet analysis. An it erat ive solution of the dis cne t uzed sy s tem of equ ation s Was
obtai ned with line re lax ation for se lected dimensionless parameters which define the problem.

Ibis report describes the th eo ieti ca l approach that has been adopt ed in the ONR contract work to compute two.
arid thr ec - Jurncuisit wua l impinging )ctS The flowf ield model , numerical solution scheme, and re presentati v e res ults

which illu~irj t c the ~omputeJ entra in ment and four i t ain-upw ash char act eristics are presented T he di rection oh
• MI)Rl ~ ~ in the ~alcuha uoni of groun d-effect flowfIelds is discussed.
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2. ANALYSIS OF TWO-DIMENSIONAL IMPINGING J ETS

In this section , the pro cedure is descr ibed fu r computing the incompressible and compressible turb ulent fl owf ields
for the unv ect o red planar lift Jet in ground effect shown in Figure I Contour plots of t h e calculated flow variables
and comparisons with e~tpe nimental data are presen ted

~~. I The Governing Equations
the tirne-avetaged conhinuit) . momen tum (Nasser-Stokes), and thermal energy equations for st ead y compressible

blow are gisens below in tensor notation for a s pace-fixed ret ene nsce through which the fluid flows

( onscrvation of mass

14 p(i~
)

h i )
ix

Cu iisc r~ ,ut rn ot momentum in the 1th direction

~~~LJ
— -—— + p~ ( 2 )

ax

(‘~‘nserv -at ion 1 thermal eriergs

~~~~~ 
I + pu

1 h •
~~ a

~ 

pu ”u ” ) +  u ” f r  — p u ”u ” ) — t 3 )
ax 1 

i tx J ~J 2 ax 1

In these equations . b den o tes dens its , u1 the velocity ‘mponent in t he 1th. direction , p the static pressure . r~ the
sh ear st ress in the itt! direction on a surface normal to the j~i! direction . g1 the acceleration due t i gn avits in the
itti direction . J t he total specific enth al p). h the static entha lpv - and t he heat f lux in the 1 th direction

F qu ,stu .uc ( I i  through 3) are w r itten in the form derived by Rubesm and Rose4 in which 
~~. p. r i~

. and q1 are
repre se nt ed using the usual Reynol ds decompositi on and u1. i . and h are represente d using the mass-avera ged
var iable s intr (,4j uced hs Favr e ’

~ Specif icall s , in the Reynolds decomposition . a general flow var iable ~ is expres sed
as the sum ot a time-a ve rage d comp onent Ô and a fl uc t uatin g com ponent ~

F i r  the case of compressible fl ow , this approac h is not the best for all variables because the resulting equations
contain numerous exp lici t mean-product fluctuation terms arising from compressibility and do not have the same
fo rm as their incompressible counterparts . If . however , ce rtain vanables are wr itten as mass-averaged variab les, the
resulting equations have virtually a term-by-term correspondence with the constant-property case . In the Favre
iv stem ,

where the tilde , — . denotes a mass averag e defined in terms of the conventional time averag e and

P
.
,-

—• (6)
P

4
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• rhe t ime- averaged cons ervation L~quatuoni ( I)  through (J Lhave the same form as the insta n taneous conservation
equat io ns with the e~ cc pt iori of the Re~ rio lds st res s term pu7~~7~ . the Reynolds heat flux term pu1” h’ , and the
nsean-e,ien~s dissipation temni u~ (r q I ~2 pu~ u1 

) Moreover , t hese equations essenti,uIl~ have the desired term-
hi, -term corresp o ndence with the in co m pressi b le time- averaged conse rvation equations l’his correspondenc e can be
s ig iuutrcan t . as poi nted out in Ref erence 4 , if the basic turbu len ce mechanisms in the compres si ble f low rema in
similar to those in the constant-proper ty flow ( the so-called Mu’rkcivin hypothesis) such that turbulence modeli n g

• inbormatiots can bc lakeni lions incompressible flow data and applied to the compressible case

In order to ohtaimi ,i closed s y stem of equations , the Reynolds stress term, the Rey nolds heal flux term, and the
incan-cnerg~ dissipation term must he esaf uat ed . lii initial work on the planar j et , re ported in Refe rt ’si ~rs 6 and 7,
oise.equation models we ic use d to represent the turbulence field (the Wolfshtcins niodeh~ for the incompnessihk
jet md Rubesini s cx tcm isio n of the Glushko nsodeI~ fu r t h e  compressib le jet ) Both of these approaches suf fer
because the tuihulence lcngth.ssale distribu t ions m ust be sp ecified - I-tin this reason , more recent an al) set of the
inconipnessihlc and ~ompies.sihle planar jets base used the two-equat ion Jones- Launder turbulence model10 in

which t he length-s cale sarLit ioj it ire implicit ins the tusk us and need not be spec ified a ,‘ri. ru

When Equation s ( 1 )  and 3) are expa n ded f rom tensor isotation into ca rtes ian co ordinates (x ,y w ith the
corres ponding vc iocits com ponents (u .s ) . the tesu f t is the so<alled primitive-satiable form of the time-average d
Lonservatuons equations to n a compressible planar t l~’w In t he prese n t work the equ ations ire not solved . t iuuwcve i .
in ter m s I the P~ iflitist’ sj nuaN~i t scI~s i t ~ components and static pre ss ur e) The reason liii this , as indic ated by
Gh a et ii in Reference II, is that the press ure duses not appear as a dominant variable in the system of equations

‘sin e onls the f i rst  der isat ises f pressure wi t h respect to each of the coordinates are nested in the system and not
the second dcris j 115 1-s . i f is dif 1i~ u t  in pnimit su - vaiiahle solutions oh the ~sa viei -Stok ~~ equat ion s to main tain the
ellipt ic char ac ter of the press ure field.

(‘ iitscqucnitls , in the present appr oac h , t he gu isc i n i ng equation s are i,~* Iscd  in terms ot a dimensionless compressible
st ream funct ion det i nsed f i ,

(7)
‘5

- . I’~~ 
( ‘i f

a ~litiiCiis~~nicc% s , ’ r t i ~~ t s  ,,- Jet urn- d hs

~~
~ ia)

iii,

Wi th tt i ns apj ’ r ‘.L I the stream tu~~ Ii. ‘n is 5uuns puted f rom ant equation derived hs iinihiriuri~ I-quiations t 
— I thiough

~~ and the s ,u r t ic it s  is imputed f rom a transpor t equation derived h~ combining derivatives ~f the momnentuns
equami .’ns in a manner that eiim,naies the pressure f rom the equation to t  c

The dsmensu.mkss ci sem ning eqniatii iris in the present planar flow ana lys is a rc given be~ ’w

I’- itsi in equation fu~ itm ea rn tuuh - r i

~ ~~ ~— - P~~ 
(10)

‘s 
2 ,, ii, ,l~ ,~ 2 i~ 1y

1±~

’- 
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is the tu rbu len t dissip ati on Quantities used in the jones-Launder two-equation turbulence model are
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I quit uou is ( l O t  through I 2 2 )  contaiti the f ,sllow ii i~ ,~
_i i ai im~re is wh ich appear as a result of the nonma luat loll

Re a 
~~~~~~~ ,~~, ,  the Kes umolda niunshet - I-n a 

~ ~~, 1), the I- roude riunibe r - at id Pt • c p. ~~
,, k 1~, ,,. the Prandt l

number I he refenct ice co,iditions . deiroted by the subscript . o . are ta kers ii’ be the ~enten hinc values at the jet
e x it plane

I - i  the case 5’t iiict’nipressihle flow, p I. and the pres smut equations be~otne great ly unnptilied both in form and
number. The t rats iport equation ~ir thermal energy, t he equations of state , and the temperature 5-aniations sit the
transport properties are not needed In addition , t he Poisson equations fu r stat ic pressune need not be solved
sumultane’ .usls with the Poisson equation li i i stre am (unction arid the s i r  t u C i tS transport equation

I I The Numerical Solution Scheme
I’  s~r Ise the f lowficld equations fo~ a ptan~r jet discharging f rom a iurs c d upper iun(ace , as shown in Figure l.a

colifontuat imiappurig tcc htiiquc is usc d i . map rfie irnegut an phs sica l plane into a rectangular computational pla n e

I ~r ,t~ s eu , u u nc equatii’rus are then rewr i t te n in tenn is h the computational plane co,.iidinates and solved using finite-
.li t tcuer i~ e pri’~-edures ‘s iu is n- t hcnc as geomnerris n munietry wi th respect to the jet centerline , only halt of the fl~ ‘w
nei l need be tre a ted

rhe mapping tc~Iiniiquc . wh u , hi is an inverse procedure . w a s  devised at MI)R 1 by ( H Hof fman and is best
exp lained with rn- f e re t i , .e t . . Fuui u te  In it iall y - a f i ru ite-sti t he ren c e computational plane with coordinates (

~ . •~1 ts
-
~~~~. t n - I  the Jistj irsc betwx’en nudes it , the du ncc t i i ’ nu is a and in the ij direction is h. where a and h are riot
necriaa nmls equal S t r r t 5 f i , /  fL i is t i , ’ r s can then be applied in each coordinate direction

Computational pl ne

‘1 - ‘ -

Mapping plan

Physical plan. 
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( 23)

m d

t 24 )

With these relations , a mappin g plane Iii . is ) is determined which permits finer nesolutson of the flowlIeld ira regions
whc’ne the g radi ents u t  the co tsi pu t ed variables are severe. Finally, a confo rmal mappi n g given by

(2 ”  I

is introduced wtii clr specurks the phy sical plane ( x . s I Since the mapping (Fquatuin ( 2 ” ) J  holds, if follows that
hsotb u x arid ,‘bc ’t I .aplace s equatio n s wi th i s o s ’ i d i i i at e stret c hing

-~ /d~ ds\ s1r~ - ‘ / Jr1 ~is \
r I ~~~~~~~~~~~~~~~~~~~~~ t In )

J~ .‘~ \d~a s~ / aX ‘t? \dA 1T7 /

• ~ 
‘1 

~~ ~~t44 ‘~ \d~i a~ dis ‘i~ \dX ,r
~/

The boundary conditi ’uus ri-imposed on L-quations I Ib) arid ( I”) ts ’ Ilo w from ph~ s ical constrai n ts when they are knows i
at t he boundaries . at u d tro llS integration u t  the (‘au,.Iry Riemann re lations .

J,~ is dl? ~— — a — i ll- s t
,i~a .s~ i.\ •4r ~

and

drl- lx d~ 
‘Is.

— — a  - — — • (2 °)
siX ~~~ ,t~a d~a

w-hen the x arid h” ~inidary du s t r ; h u, t ui ns are uu i ’ t known

The unique feature - ‘t t he present mapping c~heme us tha t instead of specif~ ing the coordinate distributions in
t he phsucal plane anti accepting whales-c r computational plane results , a numetteal ly convenient computational
ph arue is s pc-~ l ? r ’ t  - and the ci irrespsnding cot s rdrnat e distributions within the spectfte d phs steal b -mundanes are

compute d I- ‘r this reason s , t hin- mappnng scheme is an inverse procedure.

In the present analysis the mapping eq uatissns are discnett ied using conventional central-d u flerence, finite-
hf ter n- t he approximations to the derivatives This d iscnet izalton is not the case for the flow-field equations. The
reason to t  this can be exp lainied with reference to the hollowing general form of the flow-field equations which
appear in the analysi s , where ~~s an a rbitrar y t l.’w variable , ~~ 

a s~, . p a.,. ii , k , or (
~

-i
s~~~ l~ d~~

a - I- -l- - — + j -.- - _ - . + 6 — a i r  (30)
“I?

the - ‘n-Il, r u ts o . ‘
~~
, ~3 . and ~ and the so urce term a arc functions of the flow variables

9
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the cen tn ah- d it f enc nce . f lu te ~Ii(hercnice algorithm applied t o I-~qu at ion t30 ) provides diagonal dominanc e and
the reby coi us - s- t ge na t solution s l i i  onl) a hiniited range in the m agn itudes ot the csieht ic ic nts ‘

~ 
and 6 This range is

genic’nahhu. exceeded art the tra n sport equat ion s in which ~ arid 6 ceanil ain the Re) ris’ Ids number as a mult upltcatts e
f ac tor i’ti eti s ure diagonal domi naihe t s ar all values of l- at- id 6 . Hoffman ’s augmented- ccni ra l-d ih’fer ence algo rithm I
was applied to Equation 0 I he central idea of thi s m ethod sin be e~ p Iained hi~ consi dering. for example, the
derivat ive - i~~ )~ t ‘ sm ug the psuni t - ‘I ‘the-coriapass nui t at io li shs ,w ii iii I’ igune 4 to designate th i n- variable locat itni s . t hus
derivative can be evalu ated at the ~et - i tna l pu’inst P it i terms sit the .md ;acct ii east ii i and west (W) points with the
following truncated Tay Ion -se r ies repre se ntation .atid standard ce ntnal- d iltcr ensc e approx imation to the first deriv ative

- 
~‘t- ~W a ~u ”~ u a4 . i ,

Ii ri 1 
~

, 
~~ 

s ,,

N

- - a ~ ~~p~~~~~~ a - ~~~~~

GD?~-I4SI 4

Figure 4 . Five-po int f inute diff. r.nc. stencil .

In the .i~igi’nente d-ce ntraI-st i t t e ren i5e cu,hcniie . t he ule rnv a t i~e i ?~~ ~~~ is n c t iincd and e~~pie-ssc il in terms ‘‘I low-c r- under
,hc r ~s ,itives l’s d ithi — rr nunua t uc r b , - C- ’%C’ riini n r anis. r ur i’ ; u .r tus i f l  ws l t r  rcspcs r i’ ’  ~ The s i’ t r i ’Cs r i s e  ,f i ’ t u t t t u i s ’ ic ‘D; us

ie ptescrs tesl ii an ari d ‘coos t . t d  u’n w ith t he . ibc ’r lfrf ls

the t in iine .di t tere nce eq ua nuusrus are solved using potrif re iaxaftu ,n 1-or each Slow variable ~~ . a ltis ’a l residual is
def ined t”~ r 0 ~ ~ ‘~• I - . w he re s ns the Iteration counter Convergence issaid to be achieved when t

~ 
l0’~

even-s w-here in the t lu’w f ield.

2 3  The Compuled How-fields
The ,,‘n,t i~umratias n con sidered first in t he analy si s is th e planar impin ging j et illustrated in Figure I .  However , ins

order to avoi d the idditional compIexit~ of treating the irregular boundary ot the undersurfac e from which the jet
d*ic har ~s-s . the t .ip es irha ce “ I the computat ional region, as shown in the shaded portion sit Figure 5. was initially
ta ken no he a ulis rj nce 1, abus e the ground plane. The right su rf ace was t aken to be a distance v. from the jet center ’
line. Since normal impingement is considered, geomet t’sc symmetry about the jet centerline exists so that onl y half
the flow -field need tie sol ved ,

The require d houndar conditions fist this problem follow from known velocity and turbulence profiles at th e top
boundary ‘h the computational region. from the no-slip, impermeable wall constraint at the ground plane . from sym-
memn-~ at the pet ~enten l,ne. and from the ass umpti on of no gradient s in the flow prop erties at the flgh t boundary .
Calculations were peiforme d for the turbulent planar jet with Reyns-ilds numbers of l.46 x lO~ and L27 x lO~ based
on the wi dth it the ~et J at the to p surf a ce of the com putat ional reg ion and the jet centerline properties at the same
station The dimensions h ~

- J ’  I and w •  • L5 we re chosen. A finite-difference mesh was used w ith S I nodes
Ui t he x direc tion and 41 in the y direc tion,

to
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Figure 5. Definition of the com putational region f or the tr.e-upper~boundary pl nar impinging jet.

( ‘ imputed tli ’w var iables S u i t  thus confi g ur ation with Re I 27 x lO~ are illustrated in the contour plo ts of
Figure es the 5har is ne riscuc features u ’ f  the planar imp ingin g fret are clearly shown . The stream funcliam distribution
dem onstrates th in- irculauion lone in the top regis- irs of the flow -field and jet turning near the ground , and the
si irt i5 i ts dist n ih u i t iuuni  de mo nstrates the ~ot 1vect io n si t s. toward the r1~ it beaundar-y with t he develsu pns ent s i t  a wall
pet alon g the Isuws’r o utface , The entrainnient and wail jet characteris tics are further illustrated by the cui iu t i f lu r  of the
s-component i t  ‘ue l i - s Is - and the rate ~t decay oh jet centerline ve locity is illustrated by the contour of the

‘.iuunipu’nent - ‘I s-eli ’s Is The s t atn ~ pressure ins tour shows the s tron g pre~ ure gra dients expe nenced in heith
- “ i r s t i rua ts - su re5 t i ns when pr.uceeding tow ard the stagnation point , a feature which predud es the use of conven-

iioqij l h ’ smnusl j r ~ lay e r  theory in modeling the viscous effects of an imping ing jet flow. list turbulence field is illus -
trated l’s the sonmu ’ r ir plots “S the turbulent kinetic energy, the turbulent dissi pation, and the length sc ale. The latter
is com~’ i r c ~u l r - ’ru i the relation L. a k 1’ ’~ ed . whic h further reflects the relative turbulence levels in the fl owfIe ld.

The ~u’r rec pssnding siirsI ,,i ir plots for the planar jet with Re a I .46 x IO~ are not shown since they demonstrate
the sa rn ’ qualitative behavior as those given lair Re ~ I ~ x in Figure 6. Figure 7 contains comparisons of the
measure d and s omputed ground-p lane pressure distributions using the data of Schauer and Eustl s ’4 for
Re I .2’7 s I O~ and the data of Gardon and A kfirat IS for Re a 5.46 x I ~4

In-i calculating the flow-fields for the planar impinging jet with a confining uppe r surface , the computational region
4wu wn in Figure S was used. The sniuiution domain has a heiØa t H and a width W . where both dimensions are normal-
ized h5 the je t width.
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Figure 7. Comparison of experimental and theoretical ground-plane pressure distributions for the
normal impingement of the fre.-upp.r-boundary p1anav jet with a fully developed profile.
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1- s u n the case si t incom pressible f low , the hollowing bounidars conditions are imposed: the vur t icity. s’ream func-
t ion , t urbulent kinetic cisergy . and turbulent dissipat ion profiles are specufled wi thin the entenng jet. On the solid
bound aries conditions resul t lion-i the con strai nt s i t  i uio-sIi p inupe r meahie wall. On the jet center line sym m etry con-
ditissns ire imposed. an-id at the righ t bou,id.ii~ t he hiow ptu pert nes are taken to be un iform with respect to E. the
transforme d a cos’r dinsate. Pressure gradients at the boundari— . are specified using Fquatioris( ii) and ( 54 ) .

Fh’wtIcId s.aIcuIatisimls have been niudc hot a lange in t h e values of ’ II amid the values s i t the Reynolds numbe r based
s-iri jet centeri tne properties at tu e c ant plane. Representat ive solutions ane show-ni in ths section for the uppe r surface
in , close ground ef fect til 2 . W 3 r’t ( ) and li ii Re 1.00 s, 102 . 1,00 a l0~. and 1,30 a lO~ In the first case a
hiisit e-J ittereuice mesh was use d with 45 nodes iii both the a and ~ dinccnnoi is , and in the la tter tw O case s a mesh was

used with SI nodes in the a direction au- id 4 1 in-i the duiec t i i i n .

‘nts ‘si n if t he coniputed tluid prope r t e s  arc show-ni tn- i Fugunes ‘~ imid tO t ur n Re 1.00 a I ~~ an- id Re I 30 a I o~.
respet’mods the ml ‘a 1k-id.. to m t hcsc tw o  sinditisins are q uaum t atust -lv sinnilam . and their ..ugnllJu j u t  ch j m_ is ter ist ks are
the f ’s- illus ti ~ ti -ic stream fun c tion s pi ns illust,.itc the n— inning ot flue jet anis.i the recirculatuon patte r n. nn5ludung
entrainnient into the pnimil~ net The % i it t t s i t ~ distributions shiow t h e  con ses t i m  s i t  ~ to t he night and the develop-
ment sit  the houn da ns la ser -s s in the uppe r wall (w here sep_ nat ion s ucc urs at the psuin~ si t  ~~‘ - Pt and on the lowe r wall ,
l’hc cntrJin n~ rit arid reci m5 uhatts ’n i~s nne s ate tuis ire Ic’ar l% i l l sust rated in- i the plss t s s it the a - and s’cloc itv cot’iponcnts.
flue S t a t i c  pressure ~on t i n  ‘sb sw its iii~ nease in p g. ‘ tu g towa rd the staguiatiori point where the value is set t s  I .imiit~1
Of i.ss,if sir , tine gre_ i nt’’si dii hencn~c no thc hugh- .nus S low- Rev nsslds nunnht’n solutions shu iA n-i iii Figures q and 10 is
ref lected un the tunhukose ticlds, f’s- in Re — 1 . 30 a I u’ the tuirhukmi n k imuet ic cf tc rg% arid lengt h ss-alc values a re rnnuch
larger in the resi rc u lati urni ju ne ti - ian - i the~ .ire t s r  Re I (Xl a I 02

‘Ti-ic e - ‘utour pit- its t i-i the plan_ in ~et with Re I n Xl a I ate not show-n since flse~ t ua s c n he same qualitative char-
.nc t e ristuc s as those t i ’t  Re I .~tt  a I 0~ A c i ’ - i lupar ts s in s it thie csin i i pt i ted arid measures] pressure ,s na iu urn - is f u r  the

- ‘ ustot  plane and sm nnnl.u ted fuselage unidersur f a c e  is ~hs’w n in I- ugu te II t i m  the Re~ nolds nuttuhe n range wi t h  II 2
ins] W 3 oa the da t_ i . ‘ishi~h ws’re obtained is .1 te st p n -’gt .m n n dcs,. ritscd us Ref Si . we re measured wi th i 

-

Re I ~(1 a IP~~. w hile the c imn ipun ned values ~t ’ r res pond t -  Re I u s f (~2 Re ~- I a Ut’1, arid Re = I ~() a 10 ”

the nnntluence - - t  Rca ‘s 4ds n-iumh”c r ‘‘ii thc’ sol s it ism t i results tt i ’ nn the ni’ lc i t ;‘ Ias s iii let et i ts i t un ug the turbulent en- it ra in~
uk’s l imnO ’ the pr nrn u. ius net -‘ ‘tss ; ’ .r r os’mi ‘t t he cs m ninpisted and nneas uncsl ;ei cen terline turbule nt k i ’ e t i s  -cnit’rgs and
seI. ’~ut a d ist rihuti - sus is t l l s i s t s .ste i l  nn i s ~uoe 12 tot t he s in -it— ges unctr\ ,nsid s iSsies t Re T I- ic .r~rse e iuer1 t is good
e a5 e pl tn the pr uiaum it % ‘I the ~_iul w here t i - i c J - -s es- l .uiintder furbiulen5e niu’dcl gis- en h5 I-qu.it iu -tu s ( I  hi ( I  ~‘ tai ls
t i m  pr ’s- ide ti- ic u’h’~- ts ~~1 sa ti a ti o n it ~

- - i  th e case sit s’s - i mpressible h u m s , the t s ,Ilowitue addus unal hotin dars s’uiduti tsns are imposed to deten trunni e the
tran s port es ltia tn s ’ t Ion the ther m al energy with- inn the i- u - i  I c r  ung fet the cnithialp~ pn u tile is s~ Cs ified - t he upper surface
us assur neuj ru be issuthernial . and the lower surfa ce us ,issunied to he adiabatic, and on tine Jet scnn cmhn e and at t i- ic
right h’’ susu d ~r~ - the enthal p~ g rad ients w ith rcs~-ie~t o’ ~ at ,- set no / e s s ’

I ~‘ r c  I show-s the 5_ iri i ’sis ‘-n t ‘ur plots calculated Su it the planar uitnprecsuhlc tel in ground e f f e c t  wi ll-i ~ a 2.
• ti ’. Re I IX) a S ~~1, Pr 0 (-..S. and i t  = I em ~ I O.~ The strea m -fun,, O ils s u i t  t n5 Is - and vels ’c it~ -

~ ompu-inent
prof sit -c tcmsins tm. ,ne the came b_ i~i~ f ‘‘nfl- i Ii n the ummnpressihle ase as i ’ m t i e  incssmp ress uhlc case . The static pressure
prof ile ns JIS.’ ‘‘I the s_in’s’ tu ’mn’u . hut p at the st . igniat nui- n ps i- in - it us not set I ’ m  u nity ctn,,’c its value is fised h~ t he equation
- .1 state.  The s t a ts 5 en th ai ps contour shows the dc a’. in temperatu re wit h distance f ro m the jet core , and the dens ity
,Iistri his t im’n reflects the s i n _ lions in-i both the statu e cnthal p~ and pressure . with p increasing toward the sippe r bound-
irs where the temp erature is Iu’w’ rsn The is and c prumbles the la t ter  us riot ..Iuuiwn ) have the same qualitative ~har ac t c r-
5 th  s as i s o  t uie s asc of incompressible tlu’w - which is Cap-S- S ted hrom the ~s1’ i mk i ms nn h~-pothesu s .

hligher-Rearitilds-numhe r 5a1s ’nu latit- ins using the J onc s -L .at nnd e r tur huknce model were not carrie d out fun the corn-
pme’suhle planar pet because ‘f gnid.ss,c limitati ons imposed ha the sto t age capa c ity of th e CIX CYSER 175 used in
the iimput.it itunc These calc u lations must be pcrfsnrned ‘ ‘ i - i  a computer which has a large r coinage capacity and will
th c rch~ pe rm it acc urate computations at i-iigher Reyno lds numbers .
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3. ANALYSIS OF THREE-DIMI NSIONAL IMPINGING JETS

I i this sCc t ion -i the pn u~’e du n e is des.c r ibed I~ in ci inipu t ing t ii ~ incomprcsst lif e t u r hu knit tlow t meld resul Ii in
two interact ini~ , inn it m.ill ~ .u~~iss na ifle tri c s’tS with fountain ti inmitiii n- i as shown in I-igurc 2 Contour plots om t ime
calculated flow .i’ij ht~s ane pncset it ed

3.1 The Goserning Equations
The ti me -ave n aged con t mimi t~ .inil nut iiuc t t tutu equations which form the Sta rt in g pi - m t  in t he cli rec-d n me nnsioni~l -

stea ds - mncom pness mhle ~Ii~~ a t m _ m R sis are I~~u _ m t munm ~ ( I I  and I~~ . whicla ~.m t m he simplified with the ~ii nm d mlion i t

ci i n st _ m nt Jensit’. Tu, htifenic e clos unc is iiht _ miut ~tJ hs naotk’ling the Re’. nolds s tt ~~5s (e rr- ia using flit.- (;lu~hkt - i- Rubes inm
one-equatiOn ~acsiiel it imc~ nt m ptessmHt - t liics A twu.equat ionl turhuknt..e Wt sJCl mc c u n ncnn t l~ tiii t used urn the three-
dimenasuonal m mii’ . s is  he.ausc it s t  it met - t i t ni t a t i ti ni s minposed hc tim e ( \‘HI- K I i.iinltputer -

Equations ( I f  m d  21 mR t-~ panded t t i i l n  t e m i s t i m  i t i i t . t t i l i in to 1,Jl tCsiJfl , i i i t d m t t _ i t e ’ .  s . - i t  s’.itl-i t i - ic ~- i.rrcs pcinidintg
‘.d1~~ t’. ~.iti15t iii1t t t t s  in . - . but t he i’~f umti.i nm ’ . are not si - k i d  in ;i-i t u i i T ’ . c . ’ ..,n.,tik- fonni Kmtht.’n . m ptl te t mti ai -
t uncti t ’ nm ‘., ir t m cm t ~ .mpproaclm lu st 5~I 5~,iscd fi’ . \ r ce t ~~si iI.i .imid Bur k’. is .iJipt~d 1i t l mm s te~ hnuque . ~~I I ~ is
anal giRl s to the st icmm .tun~’ t t i ii 5k -I ! IS t j ’ t i sm? f l t . i t i i i i i  iii thc tw i i-dm it it . ns i i i nm a i prohknu. the vtcsmni ~ is el irniunated
tniifla the tnot llt’ umt ui im _ I u , i t l i

~
s in the tmi nn aa u la ti o n m i~I 3 c ’ m t i c l t % tia tisp on t equation (Iii’ 5 i 1t - s s i i t i  t i c I~t is tticn i

- i i t p i tc~t lIon-i .m I’- - ; - ~~ - - ~i1mi.I t i i ’ii de n ise d inci nt i the , Ici c ,i Il ’ .t- ’ ~it I t i c inm p .imit ’ n m t tlaonflL’fltui-it ci;u.it itl s

1 - - dc n t i ~ .iIIc s _ m O s t \ t I c  ni u~ t S ~iifl~Iit ii lfl .~ i s~ .d .it ~i - !i’nliil ‘I’ and _m sc~ i potential -~ .itc iI t I -d iRi ’ it and
the cc : ~~ t~ ~ d ~~~‘.~~

-

U .• — • 
~ 

— ,

- ‘‘ I

-,%~ c j - - 
‘ is the ,i~t i - ’ t , ii inC i ’~~~- Ii - . jfli_j  Ili’~ n- U h_ i t t  sL - -~t t i m _ i t ~~ i~ f l h i 1/ i s  s- C51. ’? pi.h-fltijl -~~~ . withi n

tlt i’ i t i - I l i l i t  in .i~~ i~~s h.,~i im i miis t in, t n  ~ ‘ . t s i~ sm~~h l i i i

I’

— — I)

• I’.

.1 i t  t t n i i , i i  C i 5 L i i t i ’tt t i  the s c ~ l - t  p-ii tenlmai mc de’ t s 1  . 1 ii’. .~~ t im e 5 i i t l  i i ?  I’qualmt inl i 3 2 1  itni iI’-ni~ I 1 - ’ ’
4 ~ it , w f i tc h ~ is

— -
-“i

- i - c
l

st~~~~t i - the ‘.‘ ‘  iii ti mc detmnmeil b~

- ‘ mi ii
—

4 ’.

A dii te re ntn .~L equa tion for thi’ s.,’alar pot enti al i s der i ved i-i’. iii n~ the divergence of Equatnoni I ~ 21 .
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She adsantage ‘f m nmUtiducmng a s c_ mi _ m r 5’ t i ’niijI is liii ’ i l i t i I lit fl~~t ‘ i t t i n s  mum sc t tm r m ~ time hounmdan~ condition s tin the
%t ’~,., ft c i mnm 5 ~i II& ’m m t s . S i l t t e  Fqu_ mtuo n i l l  is mn mck pet mde t it i t  Re% h olds number , it ‘teed he c i v ed i til~ once hit _i

~ice m i get insetn~ m d  se t i’i li~ iund_ mt~ con id itm unas

T he bound4rS salues iii the Si l t t i c i t ’ . arc evaluated I t - i t t  I i~i i _ mt mi i ml  I .~ ~ I. where U m is calcul ated front I~qu atmon m i .~ 
2)

I c hciu nmd_ mn~ 5~i i i d m t m~t n is ~mn -
~~~ 

are chosen such that its t mi i ~ e t tm i .m l i unipi m l e I l t s  .m e c’i~u.m i t i i  /em i . the ~t i m i d mti i i t mc on
the norm al ctin tm pi ini e im ts are nimen dctccrnmrnc ’J i~ t I ti m I ~~~~~ I- i t  .m 1)_ i l bou,tdar) t ime ci indm t ninms become

i ’

o ,~- tnt

where n denotes the n -nn mm _ mI . - -tnp -ni-nt m m d  t the tanmre nmt ial I~ t i - - n i tm i l  ci ~ ii co mpo nents .me  assumed n - be
known, and these sta t ues ar c used t i m compute it it ’ nonnuj i dci ’. mu ses iii t lc  s~ j l .t i  potcnuial i n  the boundary .
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— m u  (3I~)
i i

rite i t r t ~~i t s t , -t d ’ s ~
- - ‘ . C ! t i l i ~ t’t5 i ia tmi t ums mtm the p esc u t hree-du mensuo nmal l~~’~ an_ ik c m ’ . a rc ~I’. nt below

sc -ii equation I t  sc .iiat p itcn ti .m i
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Traus pont equat ion t i m turbulent kl tt ~ t ic ener~~’
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2 The Numerical Solution Scheme
In the ciiluttisn - - I  the f luswtiei d equations f u n  two  intera cting. initij lls as. ics In tel ~~t .. nnipingmng ~~~ir ci1ui i cu 5a r is

Sm the gniutund - a ~imt,urma l mapping mc n i t  teu~t mi ret l ciii~ i’ the .‘mpuiahuumal domaun ha.. i i i  irn eg u lar bo undari es
The gove rning e~uatu.’n c can then be wnhien in either u’ne it the 1w , ’ t it i f l i c  given bclow
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Transport equation

S S S

/ 3- ,~ 3 ,  a, ~~o f  —- + — + 5 • Re i  + Re~~ + Re~~— Re mn ,+ O j . (S I)

\ as 2 
,‘. 

2 ihi’~ / us

where • denotes a general flow vanahk and a, 3 , ~~ , 6 , Of , °2, and o~ denote genemal coe fficients ,

The Putsaun equations are discre t izcd usi ng the con vent ional cent rai -m,liflenence algorithm, but tot the reason
5hscussed in the section on th e planar )et . the ttanspont equations are dswretized using the augmented-central-
dillerence algonthm disc to Hoffman 13 ,

The 5oupl ed ss ctem u t  equationas us solved ute ra mtck using (ijuss- Sc udcl line re lax ati on , where optimum relaxation
fac to rs were determined ‘ru the basis if nunncru ~~1 espeuimentation i ‘cs nnm the planar flow analyst s . the conve r gence

~rtt enuunm f~’r cm , 1 t m m J ’ l c  i ’ is base d in a nesmdual t~~ i,s’s,. i_i\ I ‘- _ I O~ ’ - where Y’s i’. the iteration counter

~U The Computed flow fidsi ’.
!ncusmpressmb k ‘1- st t i n t s  have i-seen ~.ml.  m Ut e d t i r  the thtcc’dimensionsi Jet ii rmf i guratmon ot Figu re 2 using the

~oinputat muinaI 1 ‘nua m i showy-i in 1 C i u c 14 The j innc’nsi,ints i1 the so ) utmi • n m uluirnain are nonnalwed h~ the jet - ‘

diameter d at the entrance planr I i  the cumputat itanal region The t o p surf ac e it the latter is taken t im be at a
.Iistj n5’ c i i  - h h e i s t  the pet es it  plane rather than at the e..m t plane m u  orde r n - decrease the We of the computational
re~ on Three i t  the side s unt aces ire pet s’.mnnaetr s planes . the .mdd t t m ii i ial stsmnne t rs .plane cut thr ough the fountain
U ( 1115  l it  made so I t t _ m t  pets with ,ti ic, ’ - u.ul thrust fes -eIs can he tr t ’ mtc d lat e n h~ the isuew computatuon al scheme .

~
<

~~~~L 2

St du aiiist. i at
IPW 0.-tiSne. 0u1 ,S
$0 015 iOiu?,Oifl doitsa.n

Fl~n. 14 . DefInition of the computational r.~on foe two tntaf oubflg. initially
a*isynsmstflc jata irnpimpnl poepsodicuisdy on di. yound with
fountain form.thon

Houndars conditions f i r  this problem are determ ined from the no-slip. impermeable-wall constraints, symmetry

~onstmftons. and c ..per-imentafly detemimed inflow-outflow velocity profiles. ‘turbuknt.flow cakulatiorn were made

with I = 1, h • I. st I. and Re • I (lO s IO~ In setting the f m nut e-d ,ff eren ce gr id. ~ nodal pounfa were use d mit the s
di rection . ~ In t he ‘. dinc~ t i ll , and .~~ in the / du,ectmon Itse si t  the (‘DC 7600 in future won-k will permit a grea ter
number •ii n, ifcc and then-cbs- act uta te caIc-i il ations at higher Reynolds numbers .
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Figure Ic shows represenfative fiowtieId contours in var ious planes ot the computation al region shown in
Figure 14, Plots such as these refle ct the desired symmetry maintained in the calculations and provide the basic
data required to evaluate entrainment lates and fountain properties. Howeve r , these planar contour plots , even in
Large numbe r (which are easily generated using an autom ated plotting procedure ), do not provide a sm nnp le s-isu alii a-
uon of the overall flow pat t erns

The physical characte nst is . s of the t low-fueld are best illustrated through thtee-dunensionat . parti cl e-path lt ne tn _ m~e’s .
as shown in Figure lb These plots are constructed in the following m anner atfe r obtaining a convergent solutmn
of the Navier-Stokes equations , the three components of the v etusc it > vector are stored as a function it position in
the computational domain. A potnt is then se lected at a desired position in the f low ilel d. and a pa rticle is moved
along the local velocity vector at that poin t over a small time increment. When the particle a n r wes at a new position.
it is again directed along the local ve loc ity vector Thus proc edure is repeated stepwise in tunic until the particle c’sm ts
the computational domain. Figure it. cleari~ shows the particle mosetnent (rum the computati o nal dom ain through
the fountain and wall jet. The figure demonstrates the capability ~f t he grap hics r i i ut i rse li i rutj le the tluu wfl eld . which
car be dime about each s i t  th e three ases , so t hat the path l i nes arc sm sm Nc In-urn ir is desired angle

ONR has funded Mt )Rl under a new ~i’ n t t_m~ t \O~X1l4 ”i- ( -(ks 3~ mi es te nd the t i -st ! mc ld ~uL U Ij tm ’ rus i t  three-
dimensional, turbulent impinging j ets Additional cu im p ut a t lum r t s will be perti itnwd I ’ m  equal-strength mc r s ss ii
norm al mnspingen~~nt in idditioti Iii i i t r m pum t _ m t i i mnuc  f i r  the t it l i st tu ~ ~_ m ’ut’ s urmequa l.stnength s- I s  niirnial impmngc-
rflenit . equal-strength jets, inc lined umpin ge n~ nt . unequal-strength lets , inc lined inupingeunent . and an j sis~ t - i mmet tm 5
pet in u, rossflow . the ac~urac~ s i t  the ~omputed f is t  t elsis f u u r ir iteras lung )ets wi th nu’ttt ial innpingetneni arid toun tam n- i
for m ation will be determined in part through comparisons w ith data which wail he uihiatncd in an espe rmmeri tal
program funded ti~ ()NR ‘and conduc ted t-s the -~eriuJ~ r ma tnm ~ s Department i f  Mcl)’uitit-ieII A it t.ml f in mp.mr ms undet
cont ract  NOI)Ol4.~ ’i-(~OI3O.

a component of vortmcity for z - component of vOrt iCmty for
tts. plan. f i , 0125 ,:) tI-se niane iv , 0.125 . ,)
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4, CONCLUSIONS

Mc I)onnell Douglas Research Laboratories has developed an approach for predicting two- and three-dimensionial
turbulent impinging jet fiosts hased on a fini te-d iffer ence solution of the tu ll y ellipti c , t ime-averaged conserv ati on
equations ot fluid mechanics in conjunction with a turbulence model.

In the fin-s t ~.ear of a cont ra cted research progr am with O~~R, MURL developed a method (s ir the computat ion
planar , mns5s .t t pressihle, turbulent lift jets in the proximity ui t  airframe and ground surfaces , The equ ations are

cas t in temnns of stream function and vu.rIi~mt ’, and are sol ved using aui algonthm which provides convergent solutions
to m a wide range in Rc~nolds number. In the second year o the program . M D RL generaluied the planar j et analysis
to include the c t f e c t s  c i t  compressihali t~ (‘ompansons bet ween t he m r~ and es peri ment show reasonable agreemen t .
although additional work is necessary to  improve the turbulence modeling arid a sumputer with sto rage capac ity
greater than the (

~ ‘S F R I ‘~~ us required to obtain-i asc urat e olutions t o  tm i~t i - n  test Rc~ mild-c numbers A basis con-
- I uuon drawii t tisn i the planar -pet studi es is that s un tununng base area awa ~ t rorn lift nuzzle c\ i t - c  and perhaps the use
s i t  nmciiil c cv it es tc r sions st-ill signitt~ ant h ncdt i5  e air s n_ u t t undensi.ir(a.,c -c iack -uj uivu’~ Iiijds,

Iii the third se a m s it the ()
~~K contrac t work , Ml)Rl stese lope d a prixedure f u n  the .. alculati un s i t  thtec-dirnensiuinal.

m..ucnnprcs sih le. turbu lent l i f t  pc * in ground c t t ec t - with ens phasis ws a ~ aitlgsaratiu.n ~omprised of t w i u  interacting
jets with fountain ts.rniation The equations are solved using a potential-function s~c n t i c i t ~ I uurmulation and an
augmented , finite -i_ u t terence algonthm to ensure con ve rgence at high Re~ nsu ld-c numbers. il-ic computed f lowfIeld.
uhspla) ed usin~t a com puter gnap hi5s routine that - instructs patti c le path lines . de msc nst nat es the espected qualitative
behavior Ilc iwes-er . additional computations and cci mparisi cnm s w ith data are required li i q ua nt ut at i sels esaluate the
procedure

I u r r h e r wuurk will be carr ied out i-cs Ml)Rl under ()NR cs ’ nfr a t t i c  irnpru8e the acs urac~ - Cf ticicr)c~ JIi J general-
it S of the prese rst apprica tu i r soluluuin c i t  the “~as ,er - Stcukes eqm uati uun s for inspinsgtnsg jet s As V. at tC t ’ s aud  Ilender ic in —

state in t heir rep o rt “V SlOt . Aerodynamics Technology Assessment ” ”) ni’m a heuristic point of s uew - . s is m putenzed
analysis and prediction te5 hnnques hut V STOl . aircraft pertorman~c ~a m ti c ’ilarly in the hovering mode . must esen-
tuall~ ta ke unto .i .’unt the vncustt~ and turbu lence eff ects inherent in-i the \ .is ’icr-Snok es equations --  While the
Navier- Sto kes anal s sic developed h-c MDRL cann ot pmos’ide the flowfield associated with a complete Viol ai rcra f t
in-i ground ef fect ,  it can provi de useful in hc -s rm at ic - in c-in the pet entta innnent and fountain f luist required in potential
(‘low paneling nwthod s that are used t represent complete a i nc na t t  ssunfigurat ion s Data if this tspe ~annnt alwa ’s

be obtained precisch t hrough esperlnnent Moreover , the solution c5heme ~lec~ rm be d un this pape n can be applied i c c

a variety s i t  ot her prushkn-w cit inte rest in sijtissunic arn,sih namics , such as h o s t  in internal passage s26~
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APPENDIX:
DEFINITIONS OF FUNCTI ONS APPEARING IN THE

GOVERNING EQUATIONS FOR PLANAR FLOW
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