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Phymieal ●nd Computmtlonnl Flow Spacaa.

The physical flow ●pace geometry 10 aimw. Ln
FIR. 2. The flw in from I-ft to right. Tnc upper
boundary, called the wall, ~an k. ●ttha, s anlid
boundary, ● free jet houndan, or aI orb’:rav aub-
nnnic (normel to the bnundary) inflow/ou~fLnw bound-
ary. Tho l-or boundary, called the centarbody, can
bc airher a ■olid houndarv or a plane (line) of vm-
metrv. The Reomecm can k either a Oinsle flWinR
nt.rnam or, if the IIual fion apace wallo are prament,
a Iual flowing otream. The dual flw npace wallo,

shown in Fig. 2, may begin in the interior ●nd con-
tinue. tn th~ ●xlr (Inlet geo=try), MY begin mt rhe
inlet and terminate in the interior (a fterbody gaom-
●try), ●m shown in Fig. 2, or MY begin ●nd end in
the interior (mirfoil #eomecry). All of the ●bove
houndarias MY be arbitram curvmd bmndarien pro-
vided the y coordinate 1s a single valua tunction of
R. Thin elnRic valun function of a raqulraa dual
flw mpace wells, that begin or terminate in the lrr-
t~rlor, AI-I rno with polntad ●rids, The poiRt9 can be
v~rv blunr , tmt cunnot be vertical wells. Thr Left
hourrdaty lrI a mtbaontc, ●tpernonic, or mixed inflow
houndarv while rh~ right bundarv 10 ● mtbmonic, w-
p~rnonic, or mlxad outfla Lroundafi Jr ● suboonic
Inflow boundnry.

Th@ phvsical epac~ grid hem the following proP-

ert lea: rm~ met nt’ grid llnea ●re straight and in
th- v dfr~ccion with arbttrary ●paclnn in the x di-
rwri on; rh? nacond ●et of Rrid linam ●pproximately
IVIII)U the wall ●r,j ccntarbody contours; the Ay

npnclnR >i thao~ grid lines la ●rbitrmq at onr R
Incstlorr mnd Lm proportional to those veluan ●t anv
nrhrr K location.

Th- x, v phvntcal mpac~ [n rupped into r rnc-
tnug~llar ~, II rnmputat:nnal mpac~ as ehwn in FIR.
.. . TIIr mapping In carried MUC in tm parto - the
I 11111 part Mpm t% phvnical ■pece to s rerun~lar
rmp,llat{ma] MpaCP whl la the aacond Mpm tha varia -
hlr Er!d computational ●pacR to ● unlfore Rrld com-

putatinnml npacc. Roth th~ uppar ●nd lowmr dual
I IOU •pac~ walln rnllmpmm tn rho th? mmu grid Lln@
l,, Ih# mmpliratlof,al =pare, an ■hwrr [n FIR. 2. Tlw
! IIIW varlahlmn at th~ arid ~lntfl on the upper dual
flw mpacv wall arm ■tormJ In thm reRular solutlun

grid points at the rrdjja of the fine grid require a
❑pecial procedure, becaume one of their neighboring
pointn 1s calculated an pert of the coarme grid.
Except for the firot ❑ubcycled tire? step, thin point

is unknown. Hovever, the valuen at t and t+At are
knwn from the coarae grid oolutlon and, no, the
valuea betwe~n t and t+At are determined by linear
interpolation.

In urdar to further improve the computational
efficiency, ● special procadure la ~loyed to Ln-
croaae the allowabia tirn ●tep in the ●ubcyclad pert
of the grid. Thin procedure allowm the ramoval of
:h@ ●ound apaed from the cirn otep C-F-L condition.
Procedures that accomplished this have hen propoaad

by Herlow and Ameden
13

and Me.Co_ck.14 Theprmx-

dure of Harlw ●nd Amedm is ● n implicit ●china that
romveo the mound speed, in both the x and y dirac-
tiona, by ●n impltcit traatwnt of :he maaa quation
●nd the praaaura gradiant tame in the ~ncum

equationa. NecCormck’e procedure la ●xplicit ●nd
rawveo the wtund ●peed in oniy one direction,

(f4ecCormck’n procadure ● lao include- an Implfeit
procedure to remova tha viacoua diffusion reatric-
tlon from the timm ●tep C-F-L condition.) Wcauae
●mplicit ■chamn ●rc ●amier to program for afficiant
computation on vector computers and becauaa high
Revnoldm numbmr flmrm umally rquirad fine grid
mpacing Ln only one direction, it wae decided CO US-

a procedure slm.llar to that of Meccomack,

PtacCoruck’o procedure la heed on the ae#ump-
cion that tha velocity component, in the coordinate
diraction with tha fins grid ●pacins, ie rregli~ibla
comparad to the ●ommd opeod, ‘2’hIn all-e the gov-
●rninm qutiona co be simplified. flecCormack than

appliae the ~thod of Charactarintico co thaae ●im-
pliflad equations. ttwaver, for floue over bdiea
with large ●muntm of curvature ●a well ho mny Cre@
shear flwa thim aaaumptfon is quaationeble. Um-
cauna VNAP2 I- Lntendod to be s Sanmral code for
●olving a wida variaty of problamrn, this ●aeumption

wao felt to be too restrictive. Therefora, thm win
difference htween NecCormmrk’s echame ●nd th~ one
prmnanted bela ie the ra~val of thin raatriction.
Thi# procadurc, hwevar, dose ●awme that the flou

in tha Y dirmction 10 eubeonic.

Th@ procedure hara la to separate the governirrR
●quatlonn into two parto. The firmt pert coneietn
OF th~ Mer!h linv charactarin?ic compatibility qua-

tiona while tha ●treamlin~ compatihilltv quatlonn
●nd ml] vlacoua tar- wke UP the second part.

Numarlcal M@thod
Recauer thr nound ●paed limitation Ie due’ to tha

-., -.. —-—.- .-. — firnr Iart, th~ ●eeond part can be computad by thm

rh- .Qnmptttatlonal plnrte Rrld Ooltitn#r@ dlvirlod ❑tandatd FWcCormeck ●chew. I%a flrat parr nf rhe

1111 Intfl lntmrlrrr and hnundarv puinrs. llw boundary
Roverning ●quationa In aoivad by ● epecial procm-

KIIII pnlnta nr~ furthar divldarl UP intu I@ft bounda-
dura. Thie npecial pror!edur~ conniate nf ●alat!ting

rv, rlrnht ~undarv, wal 1, renr rhody, and dual flw
nn lncrmaamd time step baoad on A~/lvl lnetead of

MI:aIO- wall pnlntt, (err- ~ia. ?).
Av/(lvl+a) Wher- v t? tha Velc-ltr component in th..
v dlractlon and n in the ❑ound opead, The Hech line

Illfwrlur l;rld Pnlntn
charat:rcrintlcm arm than emtend,.d back from the ●rr-

- . .-.— .- lutfnrr point ● t the Inrreased tiu nten. Thee?
characrerlaticm will Intereart the pr~vtoui enlutlnn
plmnm nutald~ th~ computation #tar nf the MecCormark

achaw. W calculatlnn threw fihmractarint!, lntar-
n-rtinn point-, npeclal dlffprmncea um~rrs thim ln-
rreaned domeln nf depcnifencc CaII h datarminml and

uacd In the flrar part uf the Rrtvarn!nm quarlorrm,
Th*ma ●p?einl rflffmr~nenn umm a Iarmcr Av than tb
W@Cnrmerh •rh~w mrrd, thcrmfora, nrc ICmM ●reurat~,
llnw~v~r, thin nrnrmdurm In nnlv IImvti In ,,,lundarv or

frs~ ■haar Iavorn wh-rc th- vinrrmln ~vrmm ,lnminmr~
the 111111111011. Thin ❑pmrfal prnrcdl!rr dcrraancn th~

.



computational time for high Revnolds number flows by

factors of 5 to LO over flows that are riot subcy -
cled, For details of this procedure, see Re:. 2.

Left Boundary Grid Points-—

The left boundary can only be an inflow bovnda-

ry. For supersonic J.nfiw all flow variables are
specified. For subsonic inflow, there are two dif-
ferent boundary condicion options. The first apeci-
fttts the total pressure pT, total temperature TT,

15
and flow angle 8 an proposed by Serra. The second

condition specifies the x and Y velocity components
u and v, respectively, along with the denafty P and
was shown to he correct for’ a wel.1-pone+ prrrblem by

01.iger and Sundr+tr?im,
16

For a discunalon of the

relative merits ot these two boundary cond.tlnna,

Mee Kefo 2. FolLuwing the ldeaa of Moretti t.~d

Abbett.’7 all the unspecified dependent variables

are computed using a reference plane charactertatic
sc heme. The viscous terms ar~ treated aa source
terms. For mixed suboonlc-supersonic inflow, VNAP2
checks the Hech number at each grid point to deter-
mine the corrncc boundary condition. The u, v, and
p boundary condition includes a nonreflecting option

tc ellminate the trapping of waves in subsonic,
steady flows (see Ref. 2 for details).

Right Boundary Grid Points

The righr boundarv can be a auperoontr outflow
boundarv or a submonfc inflnw/outflow houndnry. The
auhaonic Inflow option in req~lred for caoea with
flow reparation ● t the right boundam For 9upnr-

8onic outflow , all the variables nre extrnpolsted.
For subsonic outflow, the nlati( prenmurr p tm ~pec-
i fled and the remaining vuri~l,lem ar- calculated uR -
inR a reference plane ~hurarreri~i:i( ~cheuo. If
stihaonic reverse flow occurn AL thp -lght. ho(tnrlary,
inflw boundarv rondirlona mat h, ~per Ifie,l l%ln

In accomplished bv Ie#ving p ecuul !.o the #p@cltIed
exit preaeure and upecifving o and v. Thin Inflow
‘oundary condition [m el,ao discussed by Ol!ger And

Sundatrom,16 These boundary condition tnrludr the

Ill
nnnreflertlng proc?dure of Rudv mrtl Strikwerda.

Fnr nixed nubnoni<-auparaonir outflow, VNAP2 chwt.k#

the Hnch number tn determine the crrrrecr hownd~rv
cr)nditi,>n,

Wall Grid Points.— -—.

The wall hokndarv ran he n Ir@e-alfp hound~rv,
N tree-let boundarv, a no-nllp huundary, or n nrbl

[ fmrv inflow/outf low hnunda,.v. Fnr the fr~e-nllp
,,ptfQn, the wall slope (a thr hnundarv rondltton and
the r@melninR vnriahlen nre calr\Ilmrmd umtnR n raf
mrnltre plane rharactpr tat l{. arll*mr. For the frmo
lm I,,)untlnrv optlnn, th~ rntnttr prwanure In -P*cI
I Ipd and III* rode d~termtnea rhe lra~-)~t hourrdarv
Ft]r the no. ml[p houndnrv, t’h~ vel, ~rtfv ,,nmp,$ne?ll m

urf. *? I to Lvrll whll~ *{ III-1 tlOC, tmmp-rattkrv In
.Ipt.,. lf{ed ,}r Ihm ramp~ratltro RI’ad lent In *I!I rf) r II>

(4dl Al)ntlr Will l). T\l P der,mf!v 1“ -H ICI II AIF, I hV I.h@

rofer~ncr plane rharnrt~rintlr ●rtlt,mm, F)r rhe nr
h(trarv inf low/utltfl{w buundnrv, the otmtlc prennurp

lrI nperffl-d. lf tlw flow ~rronn tbc hnundmrv in
!!11[ II the r@mnin(n R vnrlahlr nr~ delermln~d hv
Ihm rmferrncm plane rllar~rter!ntlr nchnme. ,f ln-

I’low orcur~, the valneifv rf. mponen! tnn Rent rn th~
ho~lndarv nod flIe d-nnl!v Are aperlf led wI)! 1P 1110
n,lrma I vel~>r I :v I.nmpotl*nl In <Ietormlnw,l IInlnM fhe

reference plane characteristic achemr?. A nunre-
fLecting boundaty condition option is included.

Centerbody Grid Points— -—

The centerbody boundary can be a free-slip
boundary, a no-sLip boundary, or a plane (axis) of

symmetry. The free-slip and no-slip boundaty calcul-
ations follow the wall procedure. For flows where
the centerbody 1s a plane of symmetry, the gr+d

points are computed by the ‘.nterlor point scheme.
The boundary condition 1s the requirement of flow
9ymmetry.

Dual Flow Space Wal’. Grid Pointa——

The duaJ flow space walla can be either a free.
slip or no-clip btvmdary. The calculations follow

the waJl and centerbody procedures.

Steady State Acceleration for Subsonic Flow.—

!+ecautre signal.s propagute in all dlrectionn in

tmbeonic flows, disturbances can reflecr around tn-
aide the computational Arid for many time st:psi
Thla reflection nf disturbances can aignit~vaut’Jy

prolong the convergence to steady state. $ever~ I

dtfferanr procedures for acrelersting ch- conver.

g-rice rn nteadv state for ~orh the ~, TT, B al~d U+

v, p Inflow boundary r,ondf.tion~ Are preeented (n
Ref. 2. One technique that works well for very corn.

plex flows :s an extended interval time emoothi,lg
procedure. Here, :he a(,lutlon for all dependent
variablen on the first Lima at~p Is ntored. “rhe

preaaure at a npecified grid point. lM then monitured
or, eech time etep. Whe:l this preaaure rhrnngee dl-
recrion, the enlutton a! rhe current. time step la
avera Ked with the aolu:l IIII *I the first time SI-1)
This #veraged sulucion rnl)lacan t’he currant f Ime

rr[rp molut. lon and, 10 edd]tion, in stored In plar~
of rhe first time rntep aoll$tlcn. l%ts 4v*raginR
prucndure 1s conrlnued unrll the flow in nt@ad~

Th_ rmaulte for aubaonic, otaadv flrw tII H (,unvrrg.
lng durt ●re ohown in FIR, 3 ‘rhP top (.I17vF IN for

M calculation in which th~ tnttial-d-tn ~llrface r(In.
#ln tad of ~tatlonarw f..,w at the qtn~na! LI.,1 pt~nuurp
and L*mperaru:”e. At ttme equal !I, zrrn, rho Imlfl IJw
pr~neurv wan C.roppet{ fr{lm the ~lNRI>fil iI)ll VM IUP t[>

ttle 4ent red value, rhun ntmultit!nR A huratlllg ,{~a-
phre,gm. The middle curve in for a cal(ula~!nn In
whle!I the initial-date nurfacp wan the I-D aolutl{]n
Kenernferl hv tnc VNAP? cede. The hrlrrmn ,,~~rv- Nhnwn
rhe ,tilruletlon ●mplovtrtg the !-l) lnltlMl ,{ntn stlr-
fnrr mnd the ex!nnd~rl \ntervnl tlmo ~moorhlng. Al I
thrrw ●olllrtonn emploved thp p.r, TT, And 0 Infl,w

h{,undmrv condition. Frnm FIM. 3, W(* M*P Ihnt IN!! II

[mprovlng tho accuracy ,f thm lnftiai -data mtlrfti,.e
#nA *mplnvfn R thr @atan ISII lnl~rvnl t Im- smr~(,thln~
~lgnlftt,antlv improved rh~ ISI)IIVUIRrItt.F In a ttteadv

*[at.~. An a renult, horh pr{!,.,t,l,, res ,+rr. ,jtt I Izmd II)

the 11)1 Inwlnff rcatt! tn.

lll!Nulr N------ .

flm rmstlltn prpn~nt-d lI#r’m MrIO IIJI ● Ix nlKh
i(mv II, IIIN ntlmhe. f I,>w*; OIIP Intmtnnl, twn ~n~~rnsl

Jnd Ihrev Internal !rnl ornal ranmn lhlv I,c4v In mat-h
,tire~orv has flow Apparatloll ,Ind tlw I.+*I ,4*o lfi-
~~Iit.lmn t ranal t !on fr(m lnmt nar to t ,.irhulen( fl,,w,

TheaP ,,nmpn rpprenont v~rv l,omplca flowm and rtm aurh
wmrr *wl@rtrd to I Illiatra e the mnrr dltl I,,lllt proh -

IFW that VNAP? In rnpahlo >f IrOIVtIIR. rtt-rp 19 a
,,!~nm[,lernt!l~ nurnher f~l lPntr romplcx vl*coIIn A* wrll



as inviacid f;>ws than VNAP2 can solve more accu-

rately and with significantly less amounts of co

ter time. All cases were run with the unmodified
VNAP2 code utilizing only a small data file. At
this time, very few parametri~ studies to dctermi
the optimum turbulence model parameters, initial-
data surface quantities and grid point distribu-
tions, have been carried out. As a result, the a

curacy and efficiency of these results do not nec
sarily represent the optiml uae of the VNAP2 cod

Internal Flow

The internal flow case is nozzle B-3 of Ref.
and 1s the p~annr, converging-diverging nozzle sh
(n VIP. 4. The flew is from left to right with t’pu-

tL space grid enclosed by the dashed line.
,. teynolds number based on the throat height is

5 ne
J.i x 10 , At the left boundary, PT is set equal

200.6 kPa (29.1 psia), TT ie set equal to 300 K al
c-

H 1s set ●qual to f). At the right boundary, extres-
polation 1s ueed when the flow is supersonic. WhS.
the flow is subsonic outflow, p is aer equal to
101.4 Wa (14.7 psia). For subsonic inflow, in a

dition to specifying p, v is set equal to O and p
set equai to the average of the wall and atidplane 19
values. The wall Is a no-ellp boundary and the rb~

suJ.ts presented here employed the two equation tUhe

bulence model. The initial condition consinted I
l-n, inviecicl flow that was nonic at the throat a
subeonic downstream.

to

The physical space grid, Mach number and turnd

l~nc~ energy contours are ehown jn Fig. 5. The ●’
perim.ntal data are from Ref. 19. From Fig. 5, w~-
~PP that at this prenaure ratio, ?he flow separat(en
rreriting a reverge flow region. The wall and mid
plHne pressuren are shown in Fig. 6. Thin calcul~-
tlon used n 45 bv 21 grid and required 3000 time ‘e
Hreps 00,000 aubcycled time stepn) and 2.1 hours
CPU time (CDC-7600) to reach steady state. e-

..

External Flow of
—. nd

The external flow caoea are confige. 1 and 3

ll*f . 2fl ●nd ar~ the axlayrmeetric, boattail afterb~k
t’lown, wlrh eulld Imdien simulating the exhauet )1 -
qhnwn in Fig. 7, ThQ flow 10 from left to right ‘-
‘with the phvaica J space grid encloned by the daeh?
lln~. The Revnnldu number based on x at the lafted

houndnrv 10 1,05 x 107, The ftret ca~e (! - 27.0B-

rm) !s conffR. 3 while the mecond (t - 12.2 cm) fI
(onfig, 1, Both cnoea conninted of the name flow of
rnudl rlnnn. Ttw I#ft houndarv inflow pro filen nf

AIIll rT tot n free utream Hmch numh?r of 0,8 were I

fprmtned untng th~ aa~ lnvlncid/txxlnfiarv layer PI
cmdurr ~mploved bv R#f. 21 . The flow anglr 0 was of
,1P! Pqwll to 0s At the riRht houndarv P wae net ~dy
,.q,lal rn the fre~ #tr@am valu?. T!rIB wall in an akr,

hltrnrv inflow/outfiow hnundarv. For outflow, p

●et WIUIIl to th~ frm ntr~em val$te, Wtwn fnflnw @d

~.urn, In nddft (on to npaclfvlnu n, u and p ar~ RPI

mrIIInl to that r fre~ otr~nm veluen, The renterhod~

in II no-slip boundarv, Roth calculatfnn~ emplove(

Ilw mxtenderl (ut~rval tia~ nmoothlnR. The [nitlan
,.nndtt!onn conn!nted of @xrmndinR the Inflow prn-
tIIen dnwnntream to the rfghr hnwndnrv, PT

iP-
Th@ phvslral ?pnr~ Rrtd, pr@#rnure mnd tic}] nt

I,mr rnnt(>urn for ronlfg, 1 (i - 27$0 rm), Pnqll(lvtfo-

rhP m{xtng-len~th tl.rhwlonce IMMIP1, ar~ nhown III

r-

[n

lr -

v

i

Fig. 8 while the surface pressure is anown in Fig.
9. The physical epaw grid, Mach number and turbu-
lence energy contours for config. 1 (f. = 12.2 cm),

emploving the two equation turbulence model, are
shown in Fig, 10 while the surface pressure is shown
in Fig. 11. The experimental data, for both cases,
are from Ref. 20. From these figures, we see that
the flow for config. 3 remained attached while sepa-
ration occured fcr config. 1. The mixing-length
model produced slightly better results for config.
3. However, the two equation model more accurately
predicted the preesure plateau in config. 1, but un-

derpredicted the amount of upstream expansion.

Swanson21 found that a relaxation or lag model im-

proved the pressure plateau prediction of the mlx-

Ing-length model, ht at the expense of alao under-
predicting the amount of upstteam expmnsion. The
config. 3 calculation, employing the mixing-length
mtti~l, used a 40 by 25 grid and required 756 tires

steps (15,000 subcycled time steps) and 1.0 hours of
CPU time (CDC-7600) to reach steady state. The
config. 1 calculation, employing the mixing-length
model, used a 47 by 29 grid and required 750 time
steps (17,000 subcycled ‘,ime steps) and 2.1. hours of
CPIJ ti~ (cDc-7600) to reach steady state. The two

equation model computational tlmee were 1.4 bourn
for config. 3 and 3.7 hcure for config. 1.

Internal/External Flow

The first two cases are the two external flow
ceaem presented above, but with the solid eimulatorn

replaced by the exhauet jets. The geometry 10 ehon
in Fig. 12 with the physical space grid enclosed by

the daahed linen. The left external boundary, wall
and right boundary are the came aa the external
caeee. At the left internal boundary, pT is set

equal to 132.4 kPa (19.2 peia), TT la eet equal to

300 K and O la aet equal to O. The frea otream
oreesure la 65.2 kpa (9.45 poia). The centerbody ie
the flw centerline, while tha dual flow ●pace wane

are no-clip boundaries. Again, both cuculationo
aapl.uyed the extended interval time waoothing. only
the two ●quation turbulence modeJ wan employed for
theee two caoem. l%e initial conditions for these
caeen coneiatad of the external flow aolutione pre-

rnanted above along with the l-D, invtecid flw solt-
tion for the nozzle.

The physical space Rrfd and Mach number con-
tours for conflg. 7 (t - 27.0 cm) are nhown in FIR.
13. The external uurface preatmre 10 shown in Fig.
14 while the total pressure profilee for the shear

layer, produced by the interaction between the ● x-
hauat let and the ext.~rnml flow, are ehown in Pig.
;5. The physic-l MFGCP Krid and Mach RtIMbar con-
tours for config, 1 (I = L2.2 cm) ara shown in Fig.
16. The ●xternal nurface preature La ohown in FIR,
17 while the iotal preaeure profilee for the nhear
layer ●re ahown in Fig. 18. The experimental data,
fnr both cneea, are from Rata. 20 and 22. ?r-m

F’.Ra. 14 and 17, w eee that the computed eolutionn,
for both caaen, undarpredtcted the #haar layer
tapraadtnR rate. Th- nam+ trenda were found in re -

nultn Reneratad by a pat{ hed method. 23 Th@ config.3
. . ! - , . . . . 4- . --



The last case is the NACA 1-89-100 inlet of

Ref. 24 and is shown in Fig. 19. The flow Is from
left to right with the physical space grid enclosed
by the daahed line. The Reynolds number based on

the maximum external diameter is 6.1 x 10
6

. At the
left boundary, PT was set equal to 101.4 kpa (14.7

psia), TT was set equal to 2Q4.4 K and 9 WPS set

equal to O. The free stream pressure is 66.5 kpa
(9.64 paia) which produces a free stream Mach number
of 0.8, The wall is the arbitrary inflow/outflow
boundary and uses the same boundary conditions as

th~ previous two cases. At the right external
boundary, the pressure was set equal to the measured
values. In the experiments of Ref, 24, the lnterna.1
flow rate waa controlled by a t.hrottlf.ng mechanism

well downstream of the right boundary fn order not
to compute this rather extensive flow regjon, a

value of pressure t?aa specified at the rf.ght. i.nter-
naJ bcundary quch that the inviscid, L-D mans flow
e.quailed the experimental value. The centerbody ia
the flw centerJ.ine, while the dual flw space waJla
are no-slip boundaries. The extended interval time
nmoothing was employed. The initial conditions con-
sisted o? 1-D, inviscid flow.

The physical apace grid, Mach number and turbu-
lence energy contours are shown in Pig, 20, while
the surface pressure is shown in Fig. 21. ‘The ex
perimental data are from Ref. 24. From the turbu-
l~nce energy contours in Ftg. 20, we see that the
flou over the inlet ia initially Laminar, but quick-

JV becomes turbulent. Tlw Flow transitions first on
thr intarior surface. Reference 24 did not give the
transition locations. The surface pressures in Fig.
?1, are for the first 6% of the inlet. This !malJ
area of interest, cornblned with the thin laminar
boundary layer, required n very fine grid spacing in
both coordinate directions. Because of the fine
grid spacing in the x direccion, the subcyllng op-
tion wan not (,ned ‘rhr dlfferenc-ta In nurface pres-
sure, between cheery ●nd ●xperiment, at the inlet
tip are probably the result of too coarse a grid.

‘rhe difference, between theory and experiment, near
the internql, right boundary 1- moot likely dti? to
th~ approximate treatmwt of the internal flw at
thl~ bouniarv. This calculetton wan .alao mda uelng
the mixing-length t.urbul.encr model, however, this

m(wlel eigrjficantiv overpredicts the level of turb\l-
lence upstream of the f.nl~t, This io becauae th~
downMtruam blockage due to .he presence of the lnl~t.
cr~nt~n a weak #hear lavnr profile upetre~m of the
Inlet rhat extends n large distnncw in th~ cro~n

strenm direction, Therefore, the mixing length mod-
el ~redictn very larae MiXfnR lengrha. Thin pro-
duces turhvkent vincoajrlnn, upntream of’ the inlet,
that are spveral ordorrn of meLnitud@ larger than the

mOl@Clll’!r value,Aa a remulc, the mixfnR-length model
dIIlut ton !n nor pre#enterl here rilin rnlrulnt,on
tin~d 4 57 h~ Lh grid and required 300rr ttnm qt~pfi
.t!tcl 1 ,(} hour~ of CPIJ time (CJX- 7600) t{) ranch nl o.l, IY

!41111 *,.

ConrJu#ionu—. ..

A genernl, unmr or{entd rnmp~tter pruRram rot
,“l)ln~lllr.tllR hiRh Revnoldn number flown han hpcn prn
lrJntrd, Six hiRh Revno~rln numb-r flow c.alc~ll~tln,lk

wmr~ dencrtbed, Theme romp(~ted reaulr~ #hm# rhar
plnrrlcnJ Navi@r-.Stoken nppllcntinnm fire ponn{hle,
Ilnwevpr, rllmne rcn~iltm alnn lnrll,,,qt~ thn noPti fi]r
l)~tt.t+r turbtilenr~ rmm{PltnR for mol)nr~tpd flnwfl nntl

more afflcient solution algorithms for very nonuni-
form grid point distributions.
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