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Abstract user support, program dadopment, and alidation.

The NPARC Alliance is a partnership between theThe Support @&am coordinates the release of the soft-

NASA Lewis Research Center (LeRC) and the USAF&E assists users in its application, ressiviug

Arnold Engineering Deglopment Center (AEDC) dedi- (r;i?srr;in??:ﬂg;heghrgﬁgﬁ?sbjtweganiggrss th::]ud/s the
cated to the establishment of a national CFD capability,

centered on the NPARC Mar-Stoles computer pro- All|ance. The Development Team establishes direc
. : tions for future deelopment of the NRRC code,
gram. Thethree main tasks of the Alliance are user :
ol . develops enhancements, and incorporates
support, code delopment, and alidation. Thepresent improvements contributed by other wiopers. The
paper is a status report on the validatioforef It b y pers.

describes the alidation approach being taken by theValldanon Team is _respon3|ble for validating the
; . . NPARC code for a wide range of floparameters and
Alliance. Representat results are presented for lami-

eometric configurations, and for establishing an
nar and turbulent flat plate boundary layers, a supe .
. . L . archve d cases that can be accessed by thAREP
sonic axisymmetric jet, and a glancing shockfueht

boundary layer interaction. Cases scheduled to be ru%ommunlty to support independent assessment of the

in the future are also listed. The amahid validation Codes apabilities.

cases is described, including information orwhtm This paper describes in general the approach being
access it via the Internet. taken in the NPARC alidation efort. Representate
results are presented from validation ardreple cases
Introduction already run, and cases scheduled to be run in the future

The NRRC Alance is @ parmersip beween t 12 JESETREC Al he waldalon arowe s e
NASA Lewis Research Center (LeRC) and the USAF ' 9 .
: : - the Internet. Additional details on all the cases pre-
Arnold Engineering Deglopment Center (AEDC) dedi- . O
. . . ented here may be found in the documentatiaii-a
cated to the establishment of a national computatlonz%jble i1 the NPARC validation arefe
fluid dynamics (CFD) capabilitycentered on the
NPARC computer programThe NPARC code is based
on the PARC code, which by 1993svbeing widely
used by a variety of gernment, industrial, and aca- The validation effort is intended to establish the
demic institutions. Several of these users had basis upon which confidence in results produced by
approached both LeRC and AEDC about establishing AIPARC is founded, and the practical limits on the accu-
formal oganization for the further support, ddop-  racgy of predictions of flev phenomena pertinent to
ment, and &lidation of the PARC code. The NRC  propulsion-oriented flws. Suchconfidence can only be
Alliance was established in 1993 in response to thesachieved through a continuous process of careful appli-
requests. cation of the code to a wide range ‘ohit’” and “con-
The three main tasks of the NPARC Alliance areflggratlon-onented pro‘ble_n,w,s and complete documen-
tation of results. Herejunit’’ refers to problems focus-
ing on a single phenomenon and simple geometries,
whereas ‘tonfiguration-oriented’ refers to problems

Validation Approach

1. Senior MemberAIAA
2. Associate Fellw, AIAA

This paper is declared a work of the U. Sv&oment and is not sub-
ject to copyright protection in the United States.



which focus on geometries and flows more representa- A code is said to be validated if the following condi-
tive d typical propulsion system components. tions ae met: (1) a comparison of computeelsults
with detailed surface and flow fielkperimental

A wide variety of propulsion-orientedalidation .
roblems representing a mix of flowsvhaeen identi- data and/or other well-accepted solutions shows
b that the code is able to ac@aiely model the critical

fied as candidates for validation cases. Cases are run to . ) L
. physics of the flow; (2) the acaay and limitations
determine the strengths and weaknesses of tHRRP . )
. : ) : of the experimental data @known and undetood;
code for a variety of geometric configurations, awer o oo ,
and (3) the accuacy and limitations of the code
a range of flav parameters. Computedsults are com- . : . .
) . . numerical algorithms, grid density effects, ¢en
pared with benchmark-quality experimental data, well-

. : gence effects, and physical basiseanown and
accepted computational results, and/or analytic solu- s )
tions undestood. Therange of gplicability of the vali-

dated code depends on tlange of fow pamameters

Initial validation efforts hae focused on‘unit’”’ or and/or geometric configations for whiti the code
single phenomenon problems, and provide both the ini- has been validated.
tial entries into the validation arcia & well as sere &
models for future validation caseeeution and docu-
mentation. Thefollowing list indicates the type of
“unit” problems that may be used for NPAR@&liga-
tion:

Of course, in practice the accuyaand limitations
of the experimental data and the computational results
cannot be fully ‘known and understood.l n addition,
the degree to which the code musiccurately model
the critical physics of the fig’ will depend on he the
- Flat plate boundary layers, including heat and massesults are to be usedlhese factors will ingtably

transfer introduce some blurring of the line between the states
+ Fdkner-Skan flows of validation and nonalidation. Ne&ertheless, this def-
« Curved-wall boundary layers inition does sery to povide the necessary philosoph
+ Free shear layers that guides the validation feft. NPARC validation
- Flow past simple bodies (e.g., gliader, sphere, or cases which attempt to meet this strict standard are
cone) termedmodel(i.e., ideal) cases.

« Pressure-dvien scondary flows

+ Entrainment flows

« Shock/boundary layer interactions
« Separated flows

« Vortex flows

» Wake flows

« Forward and backward facing steps

Model cases are run to determine the strengths and
weaknesses of the NPARC code for aiety of geo-
metric configurations, andver a range of flav parame-
ters. TheValidation Team coordinates with the @
opment Bam to correct weaknesses in the code, and to
anticipate validation needs relati o on-going and
planned deelopment work.

The longer term aatities are aimed at maintaining
a process of continuous validation caseaution with a
goal of a minimum of 3—4 validation case®®ited per
year Increased emphasis is placed worifiguration-
oriented’ problems such as:

The accuragand limitations of the code areviesti-
gaed by examining the sensity of the results to ari-
ous input options such as mesh densitybulence
model, and artificial viscosity modelThe \alidation
effort is expected to be an on-going activity and,

« Propulsve rozzle/afterbody through the NPARC Association, users are encouraged
« Airbreathing (axisymmetric and 2-D) to propose candidatealdation problems and submit
+ Rocket (single and multiple nozzles) documentation and results from independeaiidation

« Airfoil cascade efforts.

- Diffusing duct
« Propulsion system inlet (subsonic and supersonic)
- Ejector nozzle

Each model validation case is documented, in a con-
sistent format, as part of the validation avehiA con-
sistent format for the documentation @flidation cases
Model Validation Cases is necessary to ensure an adequately thorough represen-
tation of a gien case and to permit a comparison of
conclusions drawn from a variety of cas@he docu-
mentation highlights the primary focus and pertinent
findings for each case, and includesfisignt detail to
allow independent repetition of each cageValidation
Abstracts document will be ddoped summarizing all

The term “validation” has been used in a variety of
ways in the literature.For this effort, we are guided by
the followving definition, adapted from onevgh by
Mehta (1990):



the model validation cases to compliment the detaileglate. Afree stream Mach number of 0.1 was used to
information in the validation arcie. minimize compressibility effects, and alla@omparison
between the computed results and tkace incom-
pressible Blasius boundary layer solutionThe
Examplecases are established and documented iReynolds numbelRe, based on the free streareloc-
coordination with the Support tearithere are tw pri- ity and distance from the leading edge, ranged from 0 to
mary goals which the xample validation cases are 200,000.
designed to meet. The first is to provide users with
quick, but limited validation of the MIRC software
over a wide range of flas. Thesevalidation cases are

Example Validation Cases

Several cases were run for this problem tamine

the effects of various parameters on theveagence

indicative d the capabilities of the fle simulation pro- rate and the final _res.ultsThese included the effgcts_ of:

o (1) mesh resolution; (2) outer boundary height; (3)

gram, but do not meet the definition of a moddlda- . Lt . A

! : . . inflow boundary conditions; (4) inlet plane location; (5)

tion case in that tlyedo not examine the sensitivity of . .. 2 e L .
. : ) ipitial conditions; (6) artificial viscosity; and (7) using

the results to various input options. The second goal

the example cases is to provide thevmuser with clear the 2D or 3D code. All of the cases were run 12,000

P P time steps, with the default value of 2 forARDT.

,e\l)go\né%ezogfe ?(?r/ atoarliagt))?i:‘léesoer;ueptrizrs]daﬁcl;lfcotrr:-e DTCAP was set equal to 5.0 for the first 3,000 steps,
. 10.0 for the net 3,000 steps, and 20.0 for the last 6,000
ditions. :
steps. Br most of the cases, the results were essentially
The documentation for the example cases includeghe same, and agreed very well with the Blasius bound-
a description of the problem being solved; a descriptiorary layer solution.Changing the outer boundary height,
of the computational mesh and initial condition files,however, did affect the computedalues of the normal
including, where appropriate, listings of codes andvelocity component.
input used to create these files; a discussion and listing
of the input used to run the NRC code, including
typical job control commands and theAMELIST
input file; and a discussion of the computed results an
corvergence history The documentation is automati-
cally provided with the NRRC code as part of the
NPARC Users CGuide (NPARC Alliance, 1994) and/or

Three cases were run tosestigate the déct of the
outer boundary height. All used 126 grid points inxhe
8irection, @enly distributed betweerx =-0.25 and

X = 1.0, wherex = 0.0 corresponds to the plate leading
edge. ler they direction, a Blasius coordinate transfor
mation was used, with

as a separate document. It is alsailable as part of OUe j’z

the validation archve. n=Yy-- 1)
bvxU

Check Cases wheren is the Blasius similarity coordinate, is the

Checkcases will be established to judge the func-Te€ stream velocity and is the kinematic viscosity
tionality of a nevly installed and/or modified code. First thes coordinates were computed, with 21 points
These will be desloped, maintained, and documented evenly distributed between = 0.0 andy = 4.0. Above
in conjunction with the Deslopment Bam. Thepri- 7 =4.0, which corresponds approximately to the
mary intent of the check cases is to provide theeDe boundary layer edge in the Blasius solution, ffeoor-
opment team with a tool to ensure the integrity of alldinate was stretched geometrically using
mechanical aspects of que ope_rati@ﬂ.least one of _ Mk = Mk + T (Tees = Mies) )
these cases will be an installation check case that is ) ) ) o
intended for use by merecipients of the NPARC code Wherek is the inde in they direction. Ffor x 2 0.25,

to verify that the code has been properly installed o€ Y coordinates were computed from Equation (1).
their computer system. For x <0.25, they coordinates were set to those at

x =0.25 to prgent the height of the computational

The documentation for the check cases will bedomain from approaching zero at the p|ate |eading
included as part of the Deloper’s Guide, and will also  edge.

be available as part of the validation areki ] )
For the first case, 24 points were added v&bo

Flat Plate Boundary L ayer n =4.0, which gve a maximum k value of 45 and
) nas =23.47. for the second case, 32 points were
Laminar Flow added, which ave 53 = 48.25. Bothof these cases

One of the first model validation cases run withused a stretching factor of= 1.1. For the third case, a

NPARC was ‘incompressible’l aminar flav past a flat  Strétching factor off =1.05 vas used, and 65 points
were added, whichayengs =99.93. (Initially r = 1.1



was dso used in the third case, but the solutioasw

unstable. ltwas thought that the large grid spacing in

they direction fr avay from the plate may lva been a
factor in causing the instabilityand lowering the
stretching factor solved the problem.)

Five toundary sgments were used: (1) the

upstream inflv boundary; (2) the downstream outflo

boundary; (3) the symmetry plane on the lower bound-u
ary upstream of the plate; (4) the flat plate itself; and (5)0 5

the upper free stream boundarjhe boundary condi-
tions used, including the code number in theARE
input, are summarized in the following table.

Boundary Condition Code#
Upstream Fird conditions -10
Downstream Subsoniautflom 0
Symmetry plane| Symmetry 50
Flat plate No-slip adiabatig 60
Upper Freestream 7

The initial conditions were uniform float M = 0.1 for
all three cases.

The second-order artificial viscosity cbeient
DIS2 was kept at its defaulble of 0.25 for the first

6,000 time steps, then lowered to 0.0 for the last 6,000 v

time steps. The fourth-order coefficient DISésnept
at its default value of 0.64 for all 12,000 time steps.

The computedu- and v-velocity profiles in the
boundary layer region for the three cases areveha
Figures 1 and 2. These profiles arexdt = 0.75, and
are after 12,000 time steps. Also shown is tkace
Blasius boundary layer solution (White, 1974)he u-

/
velocity results are nearly identical for all three cases.” 3 fé/ © n

However, the v-velocity profiles sha significantly bet-

ter agreement with the Blasius solution when the height

of the free stream boundary is increased. (Not&-ho
eve, that in the Blasius similarity solution the
velocity is normalized differently than the-velocity,
and is actually much smaller in magnitude thanuhe
velocity. In the Blasius solutionRel/?v/u, approaches
a monstant value of 0.8604 far from the plate. At this
location on the platex(L = 0.75), this corresponds to
viug =0.00222.)
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Figurel. Effect of free stream height on-velocity
profiles for laminar flav past a flat plate.
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Figure 2. Effect of free stream height omvelocity
profiles for laminar flav past a flat plate.

Turbulent Flow

Another basic model alidation case run with
NPARC was turbulent fi past a flat plate.A free
stream Mach number of 0.2 was used to minimize com-
pressibility effects, and alle comparison between the
computed results and incompressible experimental data.
The Reynolds numbeRe,, based on the free stream
velocity and distance from the leading edge, ranged
from O to 1x 10’.



As in the laminar flv problem, sgeral cases were Case 2 y' Yinad O
run to examine the fcts of various parameters on the 082x10% | 0.0-0.5| 10.07d
corvergence rate and the final results. These included 4 _
the effects of: (1) mesh resolution; (2) thevalue at éggi 18_4 88_1(9) gé;g
the first grid point way from the wall; (3) turblence 6.56>< 1074 0'0_3'4 7.468
model; (4) inflev boundary conditions; (5) inlet plane ) 4 o '
location; (6) artificial viscosity; and (7) the time step 13.11x 10_ 0.0-5.5 6.578

. i 24 | 26.2%«10" | 0.0-8.2| 5.678
selection option. In general, the computed results
agreed very well with experimental datéhe most sig-
nificant differences between calculations were due to As in the laminar case, fivloundary sgments
inadequate mesh resolution, tooglaw” values, and the were used: (1) the upstream infldoundary; (2) the
choice of turillence model. As an example, the fello  downstream outfley boundary; (3) the symmetry plane
ing discussion presents results forfeliént y* values,  on the lower boundary upstream of the plate; (4) the flat
with the Baldwin-Lomax (1978) turbulence model. plate itself; and (5) the upper free stream boundary

The computational mesh was generated alge'_l'he boundary conditions were the same as in the lami-

braically Grid points in thex direction were padd nar_case.The initial conditions were uniform flo a
near the leading edge of the plate, and inytbection M=0.2.
near the plate suate, using a Roberts transformation  Cases 1, 5-7, and 24 were run 14,000 time steps
(Roberts, 1971). with DTCAP=5.0. Becausef the tighter mesh spac-
ing, hovever, case 8 required more iterations and a
. _ . C_ smaller time step for stabilitylt was first run 2,000
T O o I 19,5 oy S0P i DTCAP=5.0 0 gt pst the string tan-
x; =-1.0352, upstream of the leading edge, to&ent. Duringthis |q|t|al run, the parameter PCQMAX,
Yoo = 10.0 which was left at its defaultalue of 10.0, controlled
126 = =5 the actual time step size. The value of DTCARBsw
For they, or k, direction, 76 points were used, with then lavered to 1.0 for 2,000 iterations, then raised to
51 in the boundary layeiThe boundary layer thickness 2.0 for the rest of the computatios total of 28,000
was estimated as follows (Daily and Harleman, 1966): iterations were taken for case 8.

_ 0.3& 3) The computedi-velocity profiles for cases 1, 6-8,
Re /5 and 24 are shown in Figure 3, along with thxpesi-
emental data of \Wighardt (Coles, D. E., and Hirst, E.

A., 1968). The results for the three cases wjth< 3.4
are essentially the same, buffeliences can be seen for
cases with layer y* values. Asy" increases, theeloc-
ity profiles tend to become less steep.

~N o Ol

For thex, or j, direction, 126 points were used, with

Different amounts of grid packing were used within th
boundary layer to ge dfferent y* values at the first
grid point avay from the vall. For y > J, they coordi-
nates were stretched geometrically using

Yk = Yi-1 + 1 (Yi-1 ~ Yi-2) (4)
The stretchingdctorr was 11. For j < 36, they coor- Zj: | |
dinates were set to those jat 36 to preent the height | |To Newmoy=oss |
of the computational domain from approaching zero at ** L NPARC.y*-00-34

014 I~ — — NPARC, y*=0.0-55

the plate leading edge.

NPARC, y* = 0.0-8.2

012 )
> o Experiment, Wieghardt

It should be noted that since the number of points irg o -
the boundary layer was fixed, tighter spacing near thé o, |
wall meant larger spacing negr= 5. Snce there were 006 |-
25 points outside the boundary layer for all the cases, oo -
the height of the outer boundargried with the dgree o2 |
of packing near the all. Also,sincey” depends onthe L w M.
computed flav field in addition to the pfsicaly coordi- A
nate, they” values did not scalexactly with they, val-

ues. Thevaues of some of these grid-related parame_Figure 3. Effect of initial y* on u-velocity profiles for
ters are shown in the following table. turbulent flav past a flat plate, Baldwin-Lomax model.

The computed skin friction cdeafients are com-
pared with the experimental data ofieghardt, and



with values from tw dfferent correlation formulas were selected as the referencdues. Thereference
(White, 1974), in Figure 4.The results for the taw  length X, was 1, giving a reference Reynolds number
cases withy" evaywhere belw 1.0 are essentially Re =a, X /v, of 78.8x10°, wherea, andv, are the
identical. Asy" increases, the skin friction decreases,speed of sound and kinematic viscositgleated at the
which is consistent with the velocity profile resultsreference conditions. The nozzleasvoperated at a

shown in Figure 3. pressure ratio of 0.09063, corresponding to perfect
expansion with anxat Mach number of 2.22. The noz-
0.010 w w zle exit radius was 0.5035 in.
o ziﬁig 5:33:‘1’3 The computational mesh was generated using
0.008 |- — = NPARC,y"=0.0-3.4 - GRIDGEN (SteinbrennerJ. P, Chavner, J. R, and
5 T Egﬁgg izggzzz Fouts, C. R., 1990)The mesh consisted of 336 points
E ooos - O Experiment, Wieghardt | in the x, or j, direction, and 107 points in the or k,
5 E Correlation, cff0-0592Re2x‘1’5 direction. Inthe nozzle interigrthere were 188 and 59
: Correlation, ¢ = 0,455 In"0.06Re, points in thex andr directions respeately. The com-
S oo0s || & - putational domain extended approximately 145 nozzle
= ' U ] exit radii downstream of the nozzleie In the radial
: é@?cﬁ@‘@ BeA-6- & 4 direction, the grid extended approximately 12 nozzle
0002 [ T ext radii at the nozzleat plane, and approximately 48
nozzle exit radii at the x@& of the computational
0.000 \ \ \ \ domain. Thegrid in the region of the nozzle is shio
0.0x107 0.2x107 0.4x107 0.6x107 0.8x107 1.0x107

in Figure 6. For clarity, only every fourth grid line in
the x direction and eery sixth grid line in ther direc-
Figure4. Effect of initial y* on skin friction distriln-  tion is shown.

tion for turbulent flov past a flat plate, Baldwin-Lomax

model. I |

Distance, Re,

Super sonic Axisymmetric Jet

Another model alidation case currently being com-
puted is the turbulent supersonic axisymmetric jet flo -
studied experimentally by Eggers (1966). One of the | I
runs was used as aranple validation case, and some LT AT
of the results from that calculation are presented her —
This case is described in detail in the NPARC User’
Guide (NPARC Alliance, 1994).

|
|

|

1

il
Il

Figure 6. Computational mesh for axisymmetric jet

The jet is produced by an axisymmetric vengent- 4\

divergent nozzle. This study focuses primarily on the
development of the jet downstream of the nozziét,e As mentioned earliecare was taken in constructing
although care is taken to properly model thevfiaithin the grid interior to the nozzle to ensure adequate repre-

the nozzle.The basic geometric configuration is simo ~ sentation of the nozzle exit fo It was found through
in Figure 5. preliminary inviscid studies that the quality ofvilct

the exit of the nozzle was highly dependent on the axial
spacing of the grid in the\dirging section.In particu-
r lar, adequate nozzle all resolution was required to

S Jet Mixing minimize the generation of a series of compression
Ambient Air Layer . . .
waves from the discrete representation of thellw
A geometry For this problem, 110 points in thedirec-
Ue te tion in the dverging section were found to be adequate.

Centerline

As an additional note, since the original report by
Figure5. Geometric configuration for axisymmetric jet Eggers preides no details as to wothe nozzle s
flow. connected to the supply reseity the inviscid study
also focused on nozzle entrancdeefs. Thenozzle

1 62T2he S?:Z;rl% t502tg|lq prrgssg:; daniq(tjert‘rr]][;i;ag[]eeswer%as a&sumed to dma from both a constant area duct as
<P ' P Y well as an ‘infinite”” radius wlume. This study



indicated no déct of the reservoir geometry on nozzle Boundary Condition Code #
wall pressure distribution qlownstream of the throat! \ozzle inflav Subsonic inflov 0
Thus, for the purpose of thisxxample case, the nozzle Downstream outfle | Subsonic outfla/ 0
was asssumed attached to a constant area duct. Nozzle exit lip Slip vall 50
Since the focus of this example is thedlepment | Upstream free field | Subsonic inflo 0
of the mixing region downstream of the nozzldt.e inflow
grid resolution within the jet shear layer throughout itg Centerline Axisof symmetry 51
development region \&s a principal concern. The mini- | Upper freestream Subsonic inflo 0
mum radial grid packing is dren by the shear layer inflow
thickness at the nozzleie To estimate this thickness | Nozzle interior vall | No-slipadiabatic 60
and also provide guidance relati the radial grid | Nozzle exterior wll | Slipwall 50

spacing adjacent to the nozzle wall, the finitéedénce

boundary layer code BLAYER (Hodge, B. K., and  the injtial conditions were established by setting
Adams, J. C., Jr., 1_97_8) was used to es'Flmate the boung]-e temperature and pressure equal to the ambint v
ary layer gravth within the nozzle. This required as ;65 and each velocity component to zero for all points
input a nozzle wall pressure disuiipn, which vas  j, the computational domain except those interior to the
taken from the nozzle entrancefeafts study Fom ;516 Theretotal conditions were set to the supply
these results, the physical grid spacing required Qg e, and velocities were initialized by linearly inter
maintain at least one grid point in the laminar SUbIayeboIating in thex direction using thej index, from

(ie.,y"<1) was estimated to bex110™ inches. The '\ =023 at the nozzle infio plane to aM = 2.22 at the
k-constant grid line emanating from the nozzle exit lipygzz1e exit plane.

(i.e., k =59) was positioned to approximate the center

of the jet shear layer based upon Eggers’ data, and pro- A total of 10,000 time steps were taken, with the
vided the location about which radial grid packing fordefault value of 2 for BARDT. DTCAP was set to 5.0
shear layer resolution was centered. This radial packor the first 1500 steps, and 0.4 thereaftéor the

ing was gradually relaxedward the flav domain it ~ €ntire solution, the maximum change walél in pres-
boundary where the radial grid spacingswvuniform Sure or density\@r a ime step was 25%. The artificial
between the centerline and the=59 grid line and Viscosity coeficients DIS2 and DIS4 were left at their
gradually increased frork = 59 to the outer boundary default values of 0.25 and 0.64 for the first 1500 steps.
at k=107. The clustering function used was the DIS2 was lowered to 0.12 for the next 3500 steps, and
default hyperbolic tangent function in GRIDGEN. 0.0 thereafter The problem was run inviscidly for the

Points were also packed in tkelirection near the noz- first 1000 steps to quickly delop the initial plume
zle exit lip, where the first axial grid spacingwde  characteristics. Acombination Baldwin-Lomax (1978)

stream of the lip was 8107 inches. and Thomas (1979) algebraic.ttln_mce model &s
used for the nd 1100 steps to initialize the turent

A total of eight boundary genents were used in the guantities. TheChienk-¢ model (1982) was used for
NPARC calculation: (1) the nozzle infloboundary; (2)  the rest of the calculation.

the downstream outfle boundary; (3) the nozzlex ) .
lip; (4) the upstream free field infloboundary (&terior Fl.gure. 7.pre.sents the comp.uted nozzle centerline
to the nozzle); (5) the centerline; (6) the uppervelocity distribution compared.wnh the measurements
freestream infler boundary; (7) the nozzle interiora; ~ ©f Eggers (1966). The local jet centerline velocity is
and (8) the nozzle exterioral. Theboundary condi- Nondimensionalized by the nozzbeitevelocity and dis-
tions used, including the code number in theARE  tances are measured relatio the nozzle exit station

input, are summarized in the following taBle. and are scaled by the nozzle exit radius.

3. During problem start-up, the nozzle interioalwas actually
specified as a slip wall (i.e., code #50), then changed to a no-
slip adiabatic wall after 1000 time steps.
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Figure 7. Nozzle centerline velocity.

The computed centerlineelocity agrees well with the
experimental dataAs can be seen the figure, closure of

140

160

the jet core occurs at approximately 20 radhor refer-
ence, from the calculations the nozzle centerlielear

ity first reaches a subsoni@lue at approximately 45

radii and flav conditions become ‘ihcompressible”
(i.e., the centerline Mach number drops bel@3) at

approximately 120 radii.
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Figure9. Velocity profile atx/r, = 121.3.

The velocity profile ak/r, = 73.80 agrees well with the
experimental data, but the profile atr, =121.3 does
not agree as wellThis may be due to the influence of
the extrapolation boundary condition used at the nearby
exit plane on the computed results in thigiom. In
addition, thex-momentum flux for this case was contin-
uing to decrease when the calculation was stopped
(NPARC Alliance, 1994), and continuing the calcula-
tion may impreoe the agreement.

In Figures 8 and 9, the computed velocity profiles
are compared with experimental data ab tcations

downstream of the nozzlexe. The experimental data
were talen atx/r, = 73.80 and 121.30. These positions.
are indicated by the filled circles in Figure 7. The com
putational results are afr, = 73.67 and 121.46, which

correspond to th¢ indices closest to thexperimental

data locations.
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Figure 8. Velocity profile atx/r, = 73.8.

Glancing Shock/Boundary Layer Interaction

Another model validation study currently undesw
is the interaction of a glancing shoclavewith a turlu-

lent boundary layer on a flat plat@ne of the cases is
being used as an example validation case, and some of
the results from that calculation are presented here.

The glancing shock/turbulent boundary layer inter
action is produced by a Mach 3.0viipast a sharp TO
wedge, or fin, mounted on a flat plate. Figure 1Gsho
the geometric configuration and the outline of the com-
putational domain.The location of the inviscid shock is
also shown in the figure, with a shock angle of 29.5
This flov has been studiedxperimentally by Kim, et.
al. (1990, 1991), and tatated experimental values of
skin friction coefficient, surface floangle, and sugce
static pressure ka been published by Settles and Dod-
son (1991). The Reynolds number in thperiment,
based on free stream conditiongsn6.1% 10’/m, and
the free stream total pressure and temperature were 827
kPa and 294 K, respeatéely.



an evenly spaced mesh ag used.This z-distribution
was then repeated, proportionalffipr all x andy. Near
the x = 0 gation the outer boundarywhich would oth-
erwise hae had a slope discontinuity corresponding to
the fin leading edge, was smoothed using a fifth-order
polynomial. Thesharp fin leading edge at the inrer
boundary of course, was retained.

Seven boundary segments were used: (1) the
upstream inflw boundary; (2) the denstream outflov
boundary; (3) the flat plate sade; (4) the upper free
stream boundary; (5) the symmetry plane zat 0
upstream of the wedge; (6) the wedge atef and (7)

Cartesian coordinates are defined with the origin athe outerzboundary The boundary conditions used are
the fin leading edge, and the flat plate lies in>®e summarized in the following table.
plane. Themeasured boundary layer thickness 38 mm

Figure 10. Geometric configuration for the glancing
shock/turbulent boundary layer interaction.

upstream of the fin leading edge was 3.02 mm, and this Boundary Condition Code #
is used as the referepce length. Lengthsrvshun the Upstream Fied conditions 10
figure are non-dimensional. The leading edge of the flat | pnstream Extrapolation 3
plate was ak = -71.523. Flat plate No-slip adiabatig 60
In the experiments, data were taken along a circular | Upper Extrapolation 3
arc of radiusR, centered at the fin leading edgeor the Symmetry plane| Symmetry 50
skin friction coeficient and surface flo angle Wedge No-slipadiabatic 60
R=37.85, and for the swte static pressure Outer Extrapolation 3

R=33.64. Theangular location along this arc is

denoted bys, as fiown in Figure 10. The conditions at the upstream imficboundary

The 3-D computational meshaw generated alge- Were computed by interpolation from a 2-D ARC
braically In the x direction, 51 points were used, calculation of the turbulent boundary layemflpast the
evaly spaced.In they direction, normal to the flat flat plate upstream of the wedg&he initial flonfield
plate, the first interior point &s placed at the location Was £t equal to the flw at this upstream boundary.

H + o +
corresponding toy” = 0.5, wherey was oomput;d The defult Baldwin-Lomax algebraic tudtence
assuming the skin friction cdefient c; =0.00152 1\, qe| was used for the first set of runs. Additional runs
Points were then added, stretched geometrically using \yare then made with the Chidas model using the

Yk = Yier + My (Yier = Vi) (5) corverged Baldwin—Lomax result; as initial conditions.

) ] For the Baldwin-Lomax calculation, DTCAP a8 set
The stretchingdctorry was 12. Equation(5) was used  oqyi5] t0 5.0 for the first 800 time steps, 1.0 for thet ne
until 800 steps, and 0.5 for the rest of the calculatibor

AY = Vi = Vo1 > (AY) max (6) DTCAP > 1.0,. the actual ti_me step was (_:omputgd by

B ) ) the code to limit the maximum change in density or
where Qy)max =2000. Abwe this point an eenly g re 1o 10%, thealue specified by PCOMAXA
spaced mesh was usetine same-mesh was used for a1 of 14,400 time steps were émk TheChien k-¢

all xandz. A similar procedure was used in thdirec- .5 ¢ jjation also used a DTCARilue of 0.5, for 7500
tion, intersecting the finAt the experimental measure- _4qitional time steps.

ment station for static pressuiR = 33.64, the first inte-

rior point was placed at the location corresponding to  Figure 11 shows computationabil-flow’’ patterns
Z"=05, where z¥ was mputed assuming On the flat plat8. Starting at the wedge leading edge
cs = 0.002° Points were then added, stretched geometstation, ‘particles’ were released atvery grid point
rically by the fctor r,=1.5, until the spacing along the outez boundaryselected grid points along a

Az > (AZ) 0y Where (\2),,ax = 5000. Bgond this point line atx =0, and at eery grid point along a line near
the innerzboundary.

4.  This is the Bperimental value at the incoming boundary layer
measurement station, 38 mm upstream of the fin leading edge

5. This is a rough estimate of thalue on the flat plate, near the 6. Computationallythese are actually in the plane of the first grid
fin, based on thexperimental data along the data measurement point aboe the surface, since all theelocitieson the suréice
radius shown in Figure 10. are zero.




Figure11. Computational ‘bil-flow’’ patterns, glanc-
ing shock/turbulent boundary layer interaction.

The computedalues of the skin friction coffient,

the surce streamline angle, and the static pressure are
compared with xperimental data reported by Settles
and Dodson (1991) in Figures 12(a) through 12(c).
Computed results are shown for both the Baldwin-

Lomax and Chierk-¢ calculations. Theskin friction

data were obtained using a laser interferometer skin s
friction meter which measures the thickness of an oil

film on the surdce (Kim and Settles, 1990). The error

bars in the skin friction plot are those reported by Set-
tles and Dodson (1991), and reflect the repeatability of
the measurement. The experimental surface streamline £
angles were measured from kerosene-lampblack flo

visualization patterns, with an accuyaof +5%. The

static pressure data were measured using taps on the

surface, and are belied accurate to withint3%. Data

points without error bars (and this includes all the sur

face streamline angle and pressure dataje harors

comparable to, or less than, the size of the symboils in

the plot.
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Figure12. Computed results compared withkxperi-
mental data, glancing shock/turbulent boundary layer
interaction.

Additional Validation Cases

Work is currently planned or undeay on a ariety
of additional model and xample validation cases.
Model \alidation studies currently scheduled to be run
over the next tvo years include:

» Turbulent flov past a flat plate with and without

heat transfer

Subsonic diffuser flw (Dudek, Georgiadis, and

Yoder, 1996)

Subsonic flar past an airfoil

« Glancing shock waveturbulent boundary layer
interaction

- Rearward facing step

Subsonic flar through an S-duct

Supersonic free jet flow



Selected cases from some of thevabgudies will also  Using the NPARC Naer-Stoles Codé, A IAA Paper
be documented as example validation cageklitional  96-0497.

example cases currently scheduled include: Eggers, J. M. (1966)Velocity Profiles and Eddy is-
- External flav past an aft boat-tail configuration cosity Distributions Downstream of a Mach 2.22 Noz-
« Unsteady normal shock, in conjunction with azle Exhausting to Quiescent AiNASA TN D-3601.

. _Il\_lgﬁgt:z)e;R(ij;xpenment Hodge, B. K., and Adams, J. C., @978) “The Calcu-
lation of Compressible Transitional,ufbulent, and

» Counter-flowing jet . Relaminarization Boundary Layersved Smooth and

« Crossed glancing shocks with and without bleed, Irhough Surdces using an Extended Mixing Length
conjunction with a NASA LeRC experiment .
Hypothesis,A EDC-TR-77-96.

Data Archive Kim, K.-S., and Settles, G. S. (1990%Kin Friction
Measurements by Laser Interferometry in Swept
Shock/Boundary-Layer InteractiohsA IAA Journal,
Vol. 28, No. 1, pp. 133-139.

For validation cases to be of maximum benefit to
the user communitythe results must be made readily
available. Theinformation should be also be detailed
enough to permit the calculations to be repeated witkim, K.-S., Lee, Y., Alvi, F S,, Settles, G. S., and
relative ease by independent code usefsformal elec- Horstman, C. C.(1991) “Skin Friction Measurements
tronic archve g/stem has been established to meet thesand  Computational ~ Comparison  of  Swept
criteria. Shock/Boundary-Layer InteractiohsA IAA  Journal,

This archve is the central repository for the model Vol. 29, No. 10, pp. 1643-1650.

validation cases, exampleakdation cases, and check Mehta, U. B. (1990)'Computational Requirements for
cases computed by and for the NPARC Alliance. It isHypersonic Flight Performance Estimate$ournal of
intended for use by MHRC users and delopers, and Spacecraft and Rockets, Vol. 27, No. 2, pp. 103-112.
allows easy access to the results of latesidation | o\ Ajliance (1994)'A Users Guide to NARC
studies. Thearchive includes all the input files used to . .

) ; Version 2.0.
run the cases, the output files, the experimental data
used for comparison with computed results, and writtefiRoberts, G. O. (1971) “Computational Meshes for
documentation providing arverview of each case and Boundary Layer ProblenisProceedings of the Second
a dscussion of the results. The anghiis accessible International Conference on Numerical Methods in
over the Internet via angmous ftp at Fluid Dynamics, Lectue Notes in PhysicsVol. 8,
info.arnold.af.mil/pub/nparc and from the gisting  Springer-Verlag, Ne& York, pp. 171-177.

Et?o\'?/icn:fo ar\/r:/(\)ll\:i\/\z/ifmilr/]r?n;er}c/indpe?(gﬁtml located  at Settles, G. S., and Dodson, L. J. (199Hypersonic
P ' i P o Shock/Boundary-Layer Interaction Datab&sK,ASA
CR 177577.

SteinbrennerJ. P, Chavner, J. R, and Fouts, C. R.
(1990) “The GRIDGEN 3D Multiple Block Grid Gen-
eration System W RDC-TR-90-3022.

Thomas, PD. (1979) ‘Numerical Method for Predict-
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