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Abstract and may not be nufficiently general, weli-docuent:

ed, and uger-oriented Cleaarly, as more afficient

A yeneral, user oriented commrter sropram, N-S algorithas and larger, (asrer compurers hacomm

valled VNAP?2, has hemn develiuped Lo calculate high available, sore attentior. muat Y givan tr the de-

Revnnlils number, Intarnal/mxrernal flows., VNAP? ve lopment of usar-nrientad M-8 codes IF they are Lo
snlves the twn=-din slonal, riar-dependent Nsvier- raceive practical applicattion.

Stnken equations. The turhulence is wndeled with
eithar a mixing=-length, a vne Lransport equation, or The purpose of this paner is tn describes a N 3

« twn transport equation model. Interior grid
points are computed using the explicii MacCormack
scheme with npecial procedures to spamd up the cal-
rulation ILn the fine grid. All boundary conditions
ate caleulated yning a reterance plane characteris-

COMpUtAr nrofram, \nlAl'z,." vhich han svoived nver a
period of eseveral vyearn for solving & relatively

wide class of steady and unsteadv, internal and ax-
ternal flow prohlema. VNAP2 (s a modified vermion

Py dohese with the vigcous rerms trested as Bource ot VIIAI“ and solves the rtwo-dimensional (axinvmmet
tergn. Sevaral internal, axternal, and internal/enx ric), tise-dependent, compressible Navier-Stokes
ternal flow ~alculationn are presanted. squations. Burh single and dual flowing strasas mav
be solved. The flow boundarien may he arbiLvarey
Introduction curvad eolid walle, inflow/outflow boundarisa, ov
free- jet envelopes. Turbulent as wall as laminar
Me computation of high Raynolds nuaber flowe and inviscid flows emy be treated. %Soms typlLial L.
has hecome a major tool In the analveis and design ternal and anternal flow geowstries that aav be
ol antoapace vehiclean. While Navier-4coken solu: solved are shown In Fiy | Although rhe VNAP? cnide
tlone tar complete vshicle configurations are still has haen applied aniniy 1o angzile and In.ot | lows,

hwevond the Limita of pressar -day computers, cosputa- the relatively general trestmmnt of geomet-{ien and
‘1onal techniques are yned routinaly In the analynin flowm houndarien 4llows a variaty of ther prohlemn

atd denign ot varfoun {adividual cosponents, s.g , tu he salved, » 5 . alrfolls, flow-th ough narelles,
Urtolis, ¢ing=hmly combinat fons, lulets and nozx free-shear llowx and {ree- jot ampannions

slen Hont n! theae qnalvesn use either purely (a

‘incid or the wo-rallad patched visrnus-tnviacid In this paper, the msthoduoiogy used In develop-
techniques due to theis areater computational »ffi- fng VNAP2 as a user-oriented, production~type compu-
imney and sase of usre wet the snre siact Navier- ter program {n preasenied and some results ohrained
Stokes solulion sethods. These appronimate tech- in solving s vartecty of finw prohlemn are shown.
nlguer af’en viald resultn ot surprintnpgly high ac Althourh the reaults, in some cases, point oul the

need far turther laprovesenta LW »th mmerical amd
phvalcal wodeltng, rhey do {iiluntrate, to a great
antent, that practical Navier=-Stoken applications
Are poratble.

Turas \r.I Howewnt  thelrP ane I gensraliv lielted (o
maobhlemw Involvine veah viacous-inviacid (nterar-
ttons of to sttoug interactione that are quifficient -
lv well undarsiond to he andelod empirical lv

Navier-Atakes (N-%) snlutfon sethodn, on rhe Gaverniuy Fyuatlona
athey hand, are not subfer' rn theas fundasent al
limlitatione and are applivahle o sote general
ianana af 1jow provlepn. However, the N-% merhods
have nnt tound wideapresad use o1 design purpneen
lur primarily to thelr sapeane and AP tenlty of

The YNAP! 'ade wolven the tw dimsnslional (an
{avamstri. 1, 1tes Jepsndent | Navier-siokes wqun -
tiona. The turbulence {n modeled uning sither a
afning- length, a2 e tranaport squation or = tun

une Commiter run flmex of ssveral hours ars not traneport eguat lon mule | Me alxinz length muiel
v omaon In solving 4 high Revanldas mimher probles ~mplova the Leunder ot 11" sndel for tree shear lav
in which the viacoun laver minl e woll remolved . B

oren and the Cebart Smtth mvdel (of houndary laveras

Farthereore, appilcation o9f N S mpthoda tn ot ten .
ulawed hy the enplaeer As an At Teguirinog earensive The ane sgquat o mdel 1a that ot Daly vhile the

ranwledge ot the mmstical slqorithe and coneldera ran
twn equation sdel (s the lones Launde: mae |
Win trial and erinr to obtatin a correct, converged

awlutian The (atter in aften the reault af at :.'" detalla of thear """“'"“;" -;:"'"l'- ""l‘lll'""I

tompting to une a N %5 owpiter code which hav beren outidary candiifong, aee Ref .. A7) eaplove an

wititan 1o walve a4 very spaciilc lass 9t prohless aaplictr aurifictal viaconity to atabllise the cul
vulatfom for shock waves Thin artificial viacosi

2 tv in uned In plare of the fourth-order maothinp
wrop TV, Memher ALAA

oy, opulalon Aarmdvnaal 'n B anch
thia paper te declared 4 work of the ' . Sovernment
and thertefars ta in the public domaln

vavallv saploved hy 'hrl‘.nru--l.” For Jdetatls ot the
governing aquat {one wes Rel. !,



Physical and Computational Flow Spaces.

The physical flow space geometry ila gnowi LIn
FiR. 2. The flow L from left to right. Tne upper
boundary, called the wall, can be =ithe. a solid
boundary, a frce jet houndary, or ai rt'irarv aub-
sonic (normal to the boundary) inflow/ourflow bound-
ary. The lover boundary, called the centarbody, can
bc aither a solid houndary or a plane (line) of aym-—
metrv. The geometry can be either a single flowing
stream or, if the dual fiow mpace walls are preasent,
a jual flowing stream. The dual flow space wallg,
shown in Fig. 2, may bagin in the {interior and con-
tinue to the exit (inlet geometry), amay begin at the
{nlet and terminate in the interior (afterhody geom—
etry), as shown (n Fig. 2, or may begin and end in
the interier (airfoil geometry). All of the above
boundaries may be arbitrary curved boundaries pro-
vided the y coordinare (s a single value tunction of
x. This eingie valur function of n requires dual
flow space wallas, that bagin or terxzinate in the {n-
terlor, do so with pointad ends. The poirts can be
very blunt, but cuannot be vartical walls. The left
boundary {s a mubsonic, supersonic, orv amixed inflow
houndary while the right boundary is a subsonic, su-
perasonic, or mixed outflow boundary »r a subsonic
Intlow boundary.

The phvaical space grid has the following prop—
ertlean: one net of grid lines are straight and in
the v direction with arbitrary spacing in the x di-
recrion; rthe second set of grid lines approximately
follow the wall and centarbody contours; the ay
apacing )7 these grid lines (e arbitrary at vne x
location and (s proportional to those values at any
ather = location.

The x, v phyvalcal mpace |» mapped into r rac-
tangular ;, n romputational space as shown in PFig.
2. The mapping is carried out in two parts - the
{ifrat part aspa the phvsical space to a reciangular
computational space while the sscond maps the varfa-
hle grid computationa) space to « uni{fora grid com-
mitational space. BRoth the upper and lower dual
flow space walla collapam to the the same grid line
In the computational epace, an shown ({n Pig. 2. The
‘low variahlen at the grid pointa on the upper dual
flow npace wall are atored {n the regular solutiun
atrav while the variables at the lLower dual flow
4pace wall are stored {n a duswv array. These flow
variablen are continuallv switched between Lhame two
Aarrava daring the calculation. For details of the
transforeat{ionn, aee Ref. 7,

Numerical Method

The computational plane grid pointa are divided
up Into intsrior and boundary puints. The houndary
grid pointa are fyurther divided up into lest bounda-
rv, right bhoundarv, wall, cent rbody, and dual flow
upace wall po'aty (nee Fig, 2,

Intertor Grid Points

The interfor grid pointm are compvterd uning the

unapl it MacCormack nrhunr.lz The governing equa-
rfone ares juft (n nonconmervation form. In order tn
faprove rae computational efficience for high
Hevnoldre number flows, the grid points in fine part
ot the grid mav he suhcycled. Thia la accomplished
bv f{rat computing the grid painta {n the coarse

part of the prid for oae time satep At. Next, the
grid pointn fn the tine grid are calculated k t{men,
where k im an Integer, with A time step At/k.  The

.

grid points at the adge of the fine grid require o
apecial procedure, because one of their neighboring
points is calculated as part of the coarae grid.
Except for the firat subcycled time step, this point
is unknown. However, the values at t and t+At are
known from the coavrse grid solution and, so, the
values betwe.n t and t+at are determined by linear
interpolation.

In urder to further improve the computational
afficiency, a aspecial procedure is employed to In-
craase the allowabie time etep in the subcycled part
of the grid. This procedure allows the removal of
the svund speed from the time atep C-F-L conditionm.
Procadures that accomplished this have buen proposed

by Harlow and Ansdcn13 and anCornck.14 The proce-
dure of Harlow and Amsden is an implicit scheme that
removes the gound speed, in both the x and y direc-
tions, by an implicit trestment of The mass equation
and the pressure gradient terms in the somentcum
equations. MacCormack's procedure is explicit and
removes the sound speed in only one direction.
(MacCormack's procedure also includes an {amplicit
proceadure to remove the viscous diffusion restric-
tion from the time step C=F-L condirion.) WNecause
explicit schemes are sasier to program for efficient
coaputation on vector computers and bacaus2 high
Reynolds number flows ususlly required fine grid
spacing in only one direction, it was decided to use
a procedure siailar to that of MacCormack.

MacCormack's procedure is based on the assump-
tion that the velocity componant, in the coordinate
direction with the fine grid spacing, is negligible
comparad to the sound speed. This allows the gov-
srning equations to be sioplified. MacCormack than
applies the Method of Characteristics to thase sim-
plifiad equations. Howaver, for flows over bdodies
wvith large amounts of curvature as well as many free
shear flows this assumption Ls questionabla. Be-
cause VNAP2 i{s intended to be a general code for
solving a wide variety of problems, this assumption
was felt to be too restrictive. Therefora, the main
difference betwveen MacCormack's scheme and the one
prasented below is the removal of this restriction.
This procedure, howevar, does assume that the flow
in the y direction {s subsonic.

The procedure herc {s to separate the governing
equations into two parts. The first part consiets
af the Mach line charactaris%ic compatibilitv equa-
tions while the streaanline compatibility equations
and all viscous terms make up the second part.
Recause the sound speed limitation is due to the
firat jart, the second part can be computed hy the
ntandard MacCormack schema. The first parr of the
governing equations in solved by a apecia! proce-
dura. Thims special procedure consists of selecting
an incraasad time atep based on Ay/!vl {instead of
av/(Ivi+a) where v {= the velr.-ity component In the
v direction and a {sn the mound speed. The Mach line
characceristics are then extendod back from the so-
lution point at the {ncreased time step. These
characteristics will {ntersect the previous solution
plane outsaide the computation star of the MacCormack
acheme. By calculating these characteriat!- {nter-
necting pointa, mpecial differences using this (n-
creased domain of dependence can be determined and
used {n the firat part of the governing equarions.
Theae apecial differences use a larger Av than the
MacCormack scheme and, thersfore, are leauw accurate,
Nowever, this nrocedure (s only used {n voundary or
free shear lavera whare the vincoun termn dominate
the aolutfon. Thin apecial procedurs decreansn the



computational time for high Reynolds number flows by
factors of 5 to 10 over flows that are not 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 infiow all flow variables are
specified. For subsonic inflow, there are two dif-
ferent boundary condition options. The first speci-
fies the total pressure Py total temnerature TT'

and flow angle 6 as proposed by Sert‘a.tS The second
condition specifies the x and y velocity components
u and v, respectively, along with the density p and
was shown to bhe correct for a well-poaed problem by

Oliger and Sundst:r.'i’im.16 For a discussion of the
relative merits ot these two boundavy coud.rions,
see Ref. 2. Folluwing the ideas of Moretti{ and

Abbett.17 all the unspecified dependent variables

are computed using a reference plane characteristic
scheme. The viscous terms are 'reated as source
terms. For mixed subsonic-supersonic inflow, VNAP2
checks the #Mach number at each grid point to deter-
mine the correct boundary condition. The u, v, and
p houndary condition includes a nonreflecting option
tc eliminate the trapping of waves in subsonic,
steady flows (see Ref. 2 for details).

Right Boundary Grid Points

The righr boundarv can he a supersonic outflow
boundarv or a subsonic inflow/outflow houndary. The
subsonic {(nflow option i{s required for cases with
flow reparation at the right boundary For super-—
sonic outflow, all the variables are extrapoleted.
For subsonic outflow, the static pressure p {8 wpec-
ified and the remaining variahles are calculated ua-
ing a reference plane characteriscic achems. If
suhsonic reverse flow occurm at the “ight houndary,
inflow boundary conditions must he specified Thin
in accomplimhed by leaving p egual to the apecitied
exit pressure and wspecifying p and v. Thia {nflow
~oundary condition (s aleo discussed by Oliger and

Sundutram.XG These boundary conditions include the

nonreflecting procerdure of Rudvy and Strlkverdl.l“
For mixed smubsoni--supersonic outflow, VNAP2 chncks
the Mach number to determine the correct bhoundary
conditinon,

wall Grid Pointse

The wall houndary can he a iree-alip houndarv,
a tree~jet boundary, a no-alip houndary, or a arbt-
trarv {nflow/outflow boundary. For the free-s!lip
aption, the wall alope {a the boundary condition and
the remaining variahlem are caleulated using a ref
preure plane characreriatic scheme ¥or the free
fr1 houndary option, the static preanure (s wpeci -
tted and the code Jeterminea the !res- et houndary.
For the no-wlip houndary, rhe velocity coapsnents
are qet to zevo while sither the tempernture in

apecified or the remperature gradient s set to 2z ro
(adtabat e wall). The dennity (s calculated hy the
rofarsnce plane characterintic scheme, For the ar -

hitrarv int low/outflow boundary,
In apecifind. If the flow acronn the houndary (a
ot the remaining varfable are determined hy
the reference plane character{imtic acheme. ,f (n-
flow occurs, the veloeity crmponent tangent to the
boundary and the dennity are apecified while the
normal velocity component in determined using the

the atatic preansucs

reference plane characteristic scheme. A nunre-
flecting boundary condition option is included.

Centerbody Grid Points

The centerbody boundary can be a free-slip
boundary, a ao-~slip houndary, or a plane (axis) of
symmetry. The free-slip and no-slip boundary calcu-
lations follow the wall procedure. For flows where
the ceunterbody {s a plane of symmetry, the grid
points are computed by the interior point scheme.
The boundary condition {s the requirement of flow
symmetry.

Dual Flow Space Wal'. Grid Points

The dual flow space walls can he either a free:
alip or no-slip boundary. The calculations follow
the wall and centerbody procedures.

Steady State Acceleration for Subsonic Flow

Becaunse signals propagate i{n all directions (n
subsonic flows, disturbances can reflect around {n-
side the computationsl arid for many time ateps.
Thig reflection of disturbances can signif'cautly
prolong the convergence tn steady state. Several
di{fferent procedures for accelerating th~ conver-
gmnce to steady state for both rhe Pr TT' 8 and u,

v, p inflow boundary conditions are presented (n
Ref. 2. One techtnique that wvorks well for very com-
plex flows (8 an extended interva! time smoothiug
procedure. Here, che solution for all dependent
variablen on the first time step s satored. The
pressure at a specified grid point (e then monitored
or. each time step. When this pressure changes di-
rection, the solution at the current time step ls
avaraged with the aolution st the first time Atep.
This averaged solution raptaces the current time
atep molution and, {n addition, is stored in place
of rhe firat time atep soleticon. This averaging
prucedure (s continued until the flow {a ateady

The results for subsonic, steady flow {n a converg-
tng duct are shown in Fig. 3. The top curve Iu for
a calculation in which the (nitial-d~ta wurfece con-
sintad of stationary f.ouw at the stagnatica pressure
and temperatuve. At time aqual to zero, the outflow
presgure was cropped trom the stagaat lon value to
the deatred value, rtus simuluting a bureting dia-
phragm. The middle curve {a for a calculation In
which the {nftial-data ourface wan the 1-D aolution
generated hy the VNAP? ccde. The hottom curve shows
the calculation emploving the '-D inttiatl -data eur-
face and the extended intarval tiwe swmoothing. All

three solutionn emploved the P TT' and 0 Inflow

haundary conditton. From ¥ig. ), we dee (hat both
taproving the accuracy *f the (nftial -data surface
and smploving the extanjed (nterval t{ms smoothing
signifleantly leproved the convergence to a dteady
weate.  Aw a result, hoth procedures are attltzed (n
the tollowing resufts.

Remultw
The results prenented here are for six ntgh
Koy Ldn numbe tlowa; one fnternal, twn sxiernal
and three [nternal/external camen. One cise (n sach

category has flow deparation and the last cAde in-
cludes tranaition frem laminar te turbulenc flow,
Thene ramen represent very complex flows and an muech
wore awvlocted to {1luntra o the more diftionlt prob-
lemn that VYNAP? {m capable of molving. There |n a
conmiderahle numhar of lean complex viscoun an well



as invigcid f:ows than VNAP? can solve more accu-
rately and with significantly less amounts »f co

ter time. All cases were run with the unmodified
VUNAP2 code utilizing only a small data file. At

this time, very few parametric studies to determi
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 optimal use of the VNAP2 cod

Internal Flow

The internal flow case is nozzle B-3 of Ref.
and {8 the planar, converging-diverging nozzle sh
{n ¥{o. 4. The flow {8 from left to right with tPY~
L space grid enclosed by the dashed line.
<eynolds number based on the throat height isne

Il ox 105. At the left boundary, is aet equal

P

T

200.6 kPa (29.1 paia), Ty is set equal to 300 K a
c-

At the right boundary, extreg-
Whe

§ s set equal to 0.
polatton Ls used when the tlow is supersonic.
the flow is subsonic outflow, p is ser equal to
101.4 kPa (14.7 psia). For subsonic inflow, in a
dition to specifying p, v 18 set equal to 0 and p
set equa. to the average of the wall and midplane 19
values. The wall is a no=slip boundary and the rowm
sults pregsented here employed the two equation tuhe
bulence model. The initial conditions consisted
1-D, inviscid flow that was sonic at the throat a
subsonic downstream.
to

The physical space grid, Mach number and turpd
lence energy contours are shown in Pig. 5. The e
perimental data are from Ref. 19. From Pig. 5, wf?”
qee that at this pressure ratio, *he flow separat®”
creating a reverse flow region. The wall and mid
plane pressures are shown in Fig. 6. This cnlculF-
tion used a 45 by 21 grid and required 3000 time ~°®
steps (30,000 subcycled time steps) and 2.1 hours
cpu time (CDC-7600) to reach steady state. &

nf
nd

1 and 3

External Flow

The external flow cases are configs.
Ref. 20 and are the axiaymmetric, boattail afterb
flows, with solld bodies simulating the exhaust 3™~
ahown in Fig. 7. The flow 1s from left to right *
with the physical space grid enclomed by the dash®
Ifne. The Reynolds number based on x at the laft®

houndary (o 1.05 x 107, The firat case (£ = 27.0p-
em) I8 configR. 3 while the mecond (£ = 12.2 cm) |1
config, 1. Both cases conmisted of the same flow of

conditions, The 1eft houndarv {nflow profiles of
And TT fotr a free wtream Mach nuwbsr of 0.8 were

termined uning the same {nviacid/boundary layer p
cedure emploved by Ref. 21. The flow anglc 0 was of

16t equal to N, At the right houndary p was net ,dy
equal to the free atream value. The wall (s an apr,
hiteary inflow/outfiow boundarv. For outflow, p

«ot sgqual to the free atream value. When Inflow aod
curm, in additlon to mpecifving p, u and p are sel
aqual to thair {ree ntream values. The centerhod
itk a no-mlip boundary. BRoth calculationsn emplove:
the extended {nterval time mmoothing. The initia”
conditionk conaisted of extending the {nflow pro-
f{len downstream to the right houndary. T
ie-
The phyrical space grid, pressure and Mach m
her contoutn for contig, 3 (t = 27.0 em), amplovif®”
the mixing-length turbulence model, are shown (n

r-
¥ ]
ne-

Fig. 8 while the surface pressure is saown in Fig.
9. The physical spa.e grid, Mach number and turbu-
lence energy contours for config. 1 (2 = 12.2 cm),
employing the two equation turbulence model, are
shown in Fig. 10 while the surface pressure i{s shown
in Fig. 11. The experimental data, for hoth cases,
are from Ref. 20, Prom thage figures, we see that
the flow for config. 3 remained attached while sepa~
ration occured fer config. 1. The mixing-length
model produced slightly better results for config.
3. However, the two equation model more accurately
predicted the pressure plateau in config. 1, but un-
derpredicted the amount of upstream expanaion.

Swansonz1 found that a relaxation or lag model im-
proved the pressure plateau prediction of the mix-
ing-length model, but at the expense of also under-
predicting *he amount of upstream expansion. The
config. 3 calculation, employing the mixing-length
model, used a 40 by 25 grid and required 750 time
steps (15,000 subcycled time steps) and 1.0 hours of
CPU time (CDC-~7600) to reach steady state. The
config. 1 calculation, emploving the mixing-length
model, used a 47 by 29 grid and required 750 time
steps (17,000 subcycled "ime steps) and 2.) hours of
CPU time (CDC~7600) to veach steady state. The two
equation model computational times were l.4 hoursn
for config. 3 and 3.7 hcurs for config. 1.

Internal/External Flow

The first two caees are the two external flow
cases presented above, but with the solid aimulators
replaced by the axhaust jets. The geometry is shown
in Fig. 12 with the physical space grid enclosed bv
the dashed lines. The left external boundary, wall
and right boundary are the same as the external
cases. At the left internal boundary, Py is set

equal to 132.4 kPa (19.2 psia), TT is set equal to

300 K and 6 {s set equal to 0. The free stream
oressure {s 65.2 kPa (9.45 psia). The cencerbody is
the flow centarline, while tha dual flow space walls
are no-slip boundaries. Again, both caiculatione
empluoyed the extended interval time smoothing. Only
the two equation turbulence mode] was employed for
these twvo cases. The initial conditions for these
cases consisted of the external flow solutiovns pre-
sented above along with the l-D, inviscid flow sol:i-
tion for the nozzle.

The physical space grid and Mach number con-
tours for config. 3 (£ = 27.0 cm) are shown in Fig.
13. The external surface pressure is shown in Fig.
14 while the total pressure profiles for the shear
layer, produced by rhe {nteraction between the ex-
haust jet and the external flow, are shown {n Fig.
15. The physicel space grid and Mach rumber con-
tours for config. | (¢t = 12.2 c¢m) are shown i{n Fig.
16, The external surface pressure {g shown (n Fig.
17 while the Lotal pressure profiles for the ahear
layer are shown in Fig. 18, The axperimental data,
for both cases, are from Rets. 20 and 22. Fr-m
Figs. 14 and 17, we see that the computed solutionms,
for both casea, underpredicted the shear layer
spreading rate. The nameé trends were found In re-

sults generatad by a patihed method.21 The config.}

J A Y - P an



The last case 1s the NACA 1-89-100 i{nlet of
Ref. 24 and is shown in Fig. 19. The flow is from
left to right with the physical gpace grid enclosed
by the dashed line. The Reynolds number based on

the maximum external diameter is 6.1 x 106 . At the
left boundary, Py was set equal to 101.4 kPa (14.7

psia), T, was set equal to 294.4 K and ¢ was set

equal to 0. The free stream pressure is 66.5 kPa
(9.64 psia) which produces a free gtream Mach numbert
of 0.8, The wall is the arbitrary inflow/outflow
boundary and uses tihe same boundary conditions as
the previous two cases. At the right external
boundary, the pressure was set aqual to the measured
values. 1In the experiments of Ref. 24, the i{nternal
flow rate was controlled by a throttling mechanism
well downstream of the right boundary. In order not
to compute this rather extensive flow region, a
value of pressure was specified at the right inter-
nal bcundary such that the Invigeid, 1-D wmass flow
equalled the experimental value. The centerbody is
the flow centerline, while the dual flow space walls
are no-slip boundaries. The extended interval time
smoothing was employed. The initial conditions con-
sisted of 1-D, inviscid flow.

The physical space grid, Mach number and turbu-
ience 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-
tence energy contours i{n Flg. 20, we see that the
flow over the inlet is initi{aily laminar, but quick-
ly becomes turbulent. Tle flow transitions first on
the interior surface. Reference 24 did not give the
transition locations. The surface pressurea in Fig.
21, are for the first 6% of the {nlet. This nmall
area of interest, combined with the thin laminar
boundary layer, required a very fine grid aspacing in
hoth coordinate directions. Because of the fine
grid spacing In the x direction, the subcyling op-
tlon was not uveed The differences (n msurface pres-
sure, batwe.n theory and experiment, at the {inlert
tip are probably the result of too coarse a grid.
The difference, between theory and experiment, near
the internal, right boundary i{s most likely due to
the apprnximate treatmant of the internal flow at
this boundary. This celculation was also made using
the mixing-length turbulence model, houwever, this
mode | gigrificantiy overpredicts the leve! of turbu-
lence upatream of the inlet, This {s because the
downstream blockage due to rhe presence ot the inlet
createn a weak shear laver profile upstream of the
inlet rhat extends a large distance {n the crous
stream direction. Therefore, the mixing leagth mod-
ei predicts very large mixing lengths. Thin pro-
duces turbulent viscositiam, upatream of the inlet,
that ure several orders of magnitude larger than the
molecular value.As a result, the mixing-length mode!
snlution 1 not presented here. (iils calculat on
nned 4 57 by 44 grid and required 3000 t{me gtepa
and 1.0 houra of CPY time (CDC-7HA00) to roach ateardy
atnte,

Cone lusionn

A general, umer oriented compimier program fov
comptit {ng high Revnoldr number flows ham heen pre
1ented,  Six high Revno'da number flow calculationw
were dascribed. Theme computed results show that
practical Navier-Stoken applicatfons are ponnible.
However, these redultm almo indi-ate the need for
better turbulence modeling for separated flowa and

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