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FOREWORD

This report ir the result of research performed in the Computational
Aerodynamics Group, Acrodynamics and Airframe Branch, Aeromechanics Division,
Flight Dynamics Laboratory from June 1984 to July 1985. This report was
prepared by Dr Joseph J. 8. Shang and Mr Stephen J. Scherr, under Work Unit
2307N611, "Computational Fluid Dynswics."

Two separated presentations to the American Institutjon cf Aeronautics
and Astronautics Scientific Meeting were derived from this eftort. These
prescntations are entitled "Navier-Stokes Solutjou of the Flow Field Around
a Complete Adrcraft,” AIAA 85-0)59-CP and "Three-Dimensional Body-Fitted

Grid System for c Complete Aircraft,”" AIAA 86-0428 respectively.
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LIST OF SYMBOLS

A Reference area for aerodynamic force coefficient, 1303.2cm?
Cp Drag coefficient, 2D/p_U_2A

L Lift coefficient, 2L/p_U_2A

CP Specific heat at constant pressure

e Specific internal energy, CVT + 0.5(u24vZ4w?)
F,G,H Flux vectors of conservation equations

L Stagnation enthalpy of the freestreau

h Enthalpy

1 Identity matrix

1,3,k Unit vectors in Cartesian frame

M Mach number

n Surface outward normal

P Static pressure

Pr Molecular Prandtl number

Prt Turbulent Prandtl number

q Rate of heat transfer, q = -k7t

L2 Radius of the blunt nose, 0.4826 cm

Rey Reynolds number

St Stanton number, equation 12

t Time

T Temperature

u,v,w Velecity components in the Cartesian frame
] Dependent variables U(p,pu,pv,pw,pe)

XyY,7 Coordinates of the Cartesian frame

Y Specific heat ratic

L kddy viscosity coefficient

vii
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LIST OF SYMROLS
(continued)

E,n, % Transformed coordinates

u Molecular viscosity coefficient

P Density

T Stress temnsor
Subscripts

o Freestream condition

o Stagnation condition

w Surface condition
Superscript

T Transpose of




1. INTRODUCTION \

A continual and systematic progression of path-finding research in
solving the Navier-Stokes equations has paved the way for the first attempt \
to simulate numerically the flow field around a complete aircraft.!™ In
the present investigation, the hypersonic research aircraft X24C-10D is

selected for its rather complex blunt leading edges, canopy, strake, fin

M ey

and wing formations which are typical of those encountered in a modern
aerospace vehicle (Figure 1). For the chosen aircraft, a detailed experi-
mental data base also exists, in the form of a flow ficld pitot pressure
survey, surface pressure, heat transfer, force and moment measurements.>’6*’ ,
This experimental data establishes a solid criterion for assessment of the
accuracy of the simulation., The validating comparison reveals technological
emphases and rescarch opportunities for our further endeavors in computa- !
tional aerodynamics.

In principle, a ccmposite sclution using varying degrees of simplifica-
tion of the Reynolds averaged Navier-Stokes equations for the flow field

around a complete aircraft is possible. However, prior knowledge or unique

T e

insight into the flow field®’9 structure is required to implement this

zonal approach. Additional evaluations of accuracy for each zonal sclution )
and the boundary conditicus for contiguous zones become necessary. As & ¢
benchmark calculation, the uncertainty is completely removed by seeking =

solution of the Reynolds averaged Navier-Stokes equations. In order to

depict adequately the investigated aircraft configuration, a mesh system

consisting of 475,200 nodes was adopted. At present, processing and

L

managing this huge amount of data requires a very large-scale vector

processor with u«r external storage device. Therefore, a major portion of

-

the present study is concentrated on the adaptation of our computational
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procedure to the CRAY XMP-?2 vector processor with a 16 millicn word MOS
memory unit, the solid state storage device (SSD). In essence, the adapta-
tion of a numerical procedure to a very large-scale computer comprises
construction of a data base according to the computer architecture, and
implementation of the procedure so as to minimize data rovement.!’3 This
is the first consideration so that ome car extract the maximum data pro-
cessing efficiency from a vector processor.

In order to achieve the stated objective, a careful matching of
grid-point system, numerical algorithm and computer architecture is essen-
tial. Since there are no sharp leading edges in the investigated configura-
tion, a composite grid system specially designed for high local numerical
resolution is unnecessary.“ A single surface clustered body-conformal grid
system 18 sufficient to facilitate the aerodynamic force calculations. The
adopted MacCormack explicit, unsplit algorithm!? is known to advance in
time with the minimum number of data accesses and has attained extremely
high vector efficiency by continual improvement.l’3 Most importantly, the
stencil of this algorithm requires no more than four contiguous nodes to be
processed simultanecusly in any given coordinate. This feature leads
naturally to a page structure in grid point system construction, and
eliminates the need for interface boundary conditions or repetitious

regrouping of data to accomplish a particular orientation for a numerical

sweep. !l

Finally, the minimum amount of datas flow between the external
memory unit SSD, and the central processor is obtained by partitioning the
data into separated blocks sized according to the maximum number of data
pages which can be accommodated in core memory. These data blocks will be

cyclically rotated into the central processing unit as required by the

numerical sweeps for convergence,
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The numecical simulation was pertormed for the flow field around the
entire aircruft at an angle of attack of six degrees with a nominal Mach
number of 5.95 and the characteristic Reynolds number of 16.4 million/m.
The benchmark numerical results will first be evaluated for accuracy in
practical applications by prediction of the surface pressure distributions,

the shock-wave structure, the heat transfer, the surface shear stress

pattern, and the integrated aerodynamic force coefficients whenever comparison

data are available. Since the entire flow field structure is recoratructed
by the numerical simulation, the pertinent characteristics of the stream
around various components of the aircraft are identified and highliglted
for further investigations. These include the flows around the canopy, the
swept-back blunt fins, and the induced vortex dominated stream in the lee
of the aircraft. Then the overall numerical procedure is assessed for its
relative efficiency, practical application value, and the areas of emphasis
for future aerodynamics research.

II. GOVERNING EQUATICNS

The three~dimensional, compressible, Reynolds averaged Navier-Stokes

equations in chain-rule conservative form are given as!

oU oF 9G oH. T
T (Ex.Cy.Ez)(-ﬁ » 3E TC,E)

oF 9G oH.T
+ (nx.ny.nz)egﬁ * 3n * an

3F 36 T _ (1)
+ (cx.cy.cz)(ac » 32 * ?p) 0
It is easily identifiable that the dependent variable, U consists cf

p,ou and pe

U = U(p,pu,pv,pw,pe) (2)
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The flux vectors, F, G, and ¥ are simply the components of vectorial
quantities of the continuity and energy equations, as well as the tensorial
components of the momentum equations contained within the divergence
operator of the conservation law.!

The closure of this system of equations is obtained by including the
Baldwin-Lomax turbulence modell? for the Reynolds stress tensor and by

assigning a turbulent Prandtl number with a value of 0.5 for the heat flux,

T e [p+ 2/3(ute)VulT + (u+e) def u (3)
a=-Cpt, pHw (4)
Pr Prt

as well as the equation of state for a perfect gas and Sutherland's formula
for the molecular viscosity coefficient. The description of this differen-
tial system of equations is compieted, once the appropriate and well-posed
initial and boundary conditions are specified.

In the present sralysis we have taken advantage of the no-yaw flight
condition, requiring only half of the configuration be computed with
respect to the plane cf symmetry. This simplification applied together

with the jdea of analytic continvation results in the leading coordinate

[ LS\

surface (£=0) at the blunt nose becoming c developable surface by 1eflection,

In practice, the grid system is constructed by overlapping two initial data
pages in the § coordinate. The only constraints to achieve this topological
requircment are that the basic cylindrical coordinutes must transform into
a spherical system nuear the blunt nose region and the number of peripheral
nodes defining the surface must be an even integer. However, the latter
constraint J& imposed only for the purpose of converience. In this manner,
the adopted grid system is body conformal and simply connected, and the

entire computational domain can be mapped into 2 unit cube. Details of the
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r construction of the mesh system, including the topology definition and the
grid generation procedure, nmuay be found in an accompanying paper!3 and in

Appendix A. In the transformed space, the initiul and boundary conditicns

are summarized as follows:
Initial Condition :
U(U,E,n,L) = U_ (5)
The £=0 surface is purely a rumerical boundary created by the grid system,
fince the two initial data pages in & are mirror images, the boundary
values will be updated automatically. The E=1 surface represents the

downstream boundary. The extrapolation condition is commonly used

aul (6)
9k | E=1
On the body gurface, n=0, the no-slip condition for velocity components .
and the surface temperature duplicating the experimental condition are

given. The value of density on the solid contour 1s derived from the

isobaric condition normal tou the surface,

u=v=w=( (7 :

Tw = 316.7°%k (8) y
and _

n"Vp = 0 (9)

where n 18 the n=0 surface outward normal

n_1+n j+n_ R
. X Yz
n= S

InZen2en2
ety

- .

i,j,k denote the unit vectors in the fundamental Cartesian frame. The far

field boundary has transformed into the n=1 surface. This boundary is
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located outside the enveloping bow shock wave system, where the flow
retains the unperturbed freestream value

U=U, (10)
The Z=0 and z=1 surfaces lay across the plane of symmetry. The conditioun

of symmetry prevails

LI (a1
14 0

I1I. NUMERICAL PROCEDURE

All calculations were performed on a CRAY XMP-22 vector processor with
a 16 million word MOS memory unit, the solid-state storage device (SSD).
The SSD appears logically as a disk drive with random-access storage. For
reasons of efficiency, at present its operational configuraticn is limited
to non-multi-tasked applications (no parallel processing). Therefore, only
one central processor unit ot nearly one milliorn words of external memory
was available. A mesh system consisting of 475,200 nodes was utilized to
depict the complete ajrcraft configuration. Specifically, one hundred ten
(110) ncdes were assigned to define the cross-section cof the aircraft in
one hundred twenty (120) streamwise stations. Thirty-six (3€) nodes were
used to accommodate the computational domain bounded by the solid contours
and far field. 1Imn short, a (110, 36, 120) mesh point system was adopted.
In the present code, only five dependent variables U(p,pu,pe), three
independent variables x,y,z and the eddy viscosity coefficient required
permanent storage. The predictor level of dependent variables and nine
components of the coordinate transformation derjvatives are generated as
needed. Therefore, the wmaximum amount of external data storage is 4,276,800
words.

MacCormack's explicit, unsplit algorithm vectorizes easily with ~—ple

opportunities for chaining operations. This reliable, conditiorally
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MacCormack's explicit, unsplit algorithm vectoriies easily with ample
opportunities for chaining operations. This reliable, conditionally
stable scheme, when incorporated with a time-warp acceleration procedure
has demonstrated efficiency gains of a factor of six or more for solutioms
which possess a steady-state asymptote.’’i" For this explicit algorithm,
only four contiguous nodes in any given direction are required to be
processed simultaneously, the fourth node of data being included to support
the fourth-orcer smoothing terms. The stencil permits a streamwise page
structure of data in contrast to that of an implicit scheme which requires
alternating structures of the data array to support differing oriemntation
of numerical sweeps. For the aforementioned stercil, one detects that orly
the four cyclic predictor pages currently in use are required to be retained.
The predictor and corrector sequence can be performed within one sweep by
lagging the corrector calculation by two spatial pages. 1The coordinate
transformation derivatives are rcpeatedly generated by a three-point,
second order difterencing scheme as needed without allocating a permanent
stuorage space. Those addjtional arithmetic operutions substantially reduce
memory requirenents but yield an in-core data processing rate of 3.077x10 °
seconds per I!teration per node point.

in essence, computaticn of the three-dimensicmal Reynolds averaged
‘avier-Stokes equatious becomes an intensive duta transfer procedurc
between the central processor unit (CPU) and the data storage device (SSD).
For the utilized computing system, the most efficient transfer rate for
intermediate sjze data sets is around a half-millior words (670 million
bits per second). However, in the present investigation, one hundred
twenty (120) streamwise stations were divided into twenty data tlocks of
six pages each. The minimum bandwidth which can support the four page data

base is the six-page block. The additional two pages provide the coordinate \

7
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tranrformation derivatives at the four-page data interfaces. Fach block of

data was assigned a data set of 213,840 words. 71wo blocks, or twelve pager
ot data, vere simultarecusly resident in the CFU during the numerical cweep
between the upstream and the dcwnsatream boundaries (Fig. 2). The rest of
the in-core memoiry space was taken up by the temporary dependent variable
arrays and the coding instruction. Individual data blocks were rotated
into the CPU in sequence as required by the two-page lagging c¢ycle of
predictor-corrector procedure. In essence, the computer code serves as a
data manager tu control the four-page predictor-corrector cycle and the
twelve-page externs] storage rotation. & wearure of the relative efficiency
for adaption of numerical procedure to a very large cumputer with an
external memory device is the degradation of the data processing rate (DPR)
in comparison with in-core performarce. For the present investigation, a
total of 4,276,800 words processed by a 880,000 word CPU, the degradation
is less than 23 percent in DPR. The data processing rate in conjunction
with the SSD 1s consistently 3.7814x10 ° seconds per iteration per prad
point.

As a pleasant surprise, the page and block data structure hax Leen
demonstrated to reduce the required computing time for overal] convergence.
Due to the numerical sweep bias, the upstream numrerical sipulation ternds to
converge sooner than that of the downstream. As the data converged in an
upstream block need not be raotated into the CPU, the totol number of data
blocks can be truncated accordingly. A net saving in computing time of up
to thirty percent has been renlized by suppressing untecessary calculation
in the converged region. Computation performed {c1 this truncated domain

is effectively equivulent to a zonal method, bLut has no need of explicat

zonal bcundary conditions.
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For the numerical simulation of a complete aircrafe, the surface
normi! prid spacing required to resolve the shear stic:in or heat tiranster
can no longer be pouyed by a single selected value of the law of the vill
variable, y’. Consideration must be given tc the large upstream rauticv
between normal and peripherol mesh size and the growth :ate of the boundary
layer slong the entire configuration. From two different estimstes of the
laninar subliver thickness based upon a turbulent boundary layer scaling
lav, the minimum surface norma) ttep size was determined tu be 9.1x10 ' cm.
This nominal value was used 88 a guide tu set an appropriate oveia!l yrid
spacing and a finer mesh step in the nose region, where the surface rormal
step size is a facter 4.09 time finer thau the nominal value. The puriph-
era) noude distribution 1s weighted by the local radfuc ot curvature. The
resvlting stretching is 1elatively limited in magritude, gerevaily coniired
vwithin a fracrion of & basic unit. However, /1. the streaswise dircit.iva,
the ratio between the warimum and the minimuam wtep +17e is as high as
j%.47. The high grid dercity zones were concentirated arourd the nose
1egton and the location: where the caropy, streke and fin pretrude into ).
cncoming stream. The hundred twenty pages arc nearly equally divide
betvren the forebody and the afterbodv. Analysis ¢’ the flow field 1mmeds
ately downstream «f the blunt nose throupl the emergence of the stiche by &
parabolized Nyvier-Stokes scheme"'" incicated thet the maximus xrid spacing
could be usec i this region. The aspipned value war i.«é4d (m. Finally,
the steady ubymptote of the nume) ical solutiopr 18 considered to be reached
when the | | norm betwedr twe consecut fve nott. "1red pressuie value: Yios

than 10 . This criterfcr 1» much lens strinyent 1lan the evaluation !

heat transfer and f{+ consfdered suftab.e tor our present purpo:e.




IV. DISCUSSION OF NUMERICAI FPESULTS

The discussion of results comprises two majc: portions, The first
group of precentations fx accompanied by experimcutal measurements of shock

structure, and heat transfer data.>’'®

Then a specific comparison vith a
nuserical soluticn of the patalivlized Navier-Stokes e¢quations for the
forchody {s preseuted and discussed. Ohcervations on the characteristics
of flow observed from the numerical sirvlation will also be delineated tc
identify ureas of future research emphasis.

fince most c¢f the experimental mearurements were collected ot several
predetermitied streamwise stationg, the format of comparison 18 constructed
accordingly. lypical results are giveu by abscissas in the form ¢’ the
normaaized are length., This length is (omputed from the leeward meridional
plere toward the windward (cunterpart and scalec by the total arc length of
each individual crure section. In Figure 1 ane bigure 4 a total of eleven
stre.rvine stations are depiited. These rtations 1present a sequentiai
evolution from t1e Liunt nose tegion urti. the trailirg section. The

physical Tocations span a range of 15 to 161..5 radi: from the c.cordinate

ortigir which tsx 1.'% 1ad{1 upstream of the blunt nose, r, = .483 cwm. The

I

cterell agreerent betwewt Jats snd nuwetical rerilts ts excellent, In

tlgure ', the strears ise comprerrion and (1 tubsequent expansion .iound

the anopy due 1. the recessed and tlattened out 1cevard surface are

obvicur. Ir eact v sectiona! plane, the . pansion free windward (o
Tveward dosafns stands cut . The surface pressure Jistributions alse

exhibtt o relative’ riid comprersfon at the “cwer cornet of the trope. vidal
ctoess secticn.  This lccal phenomer i hears a «trouyg reser! ' nue to thot ot
the hlunt ‘e cing edge t a delta wir, lhe surtace pres~-irc cistributions
of the atterbody «te , ‘nen by Fiyure «.  btact | tossure < (be tepresctt~ the
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result of protruding fin: o1 strake into the oncoming stream. The pres:use
distribution reveals the cmargence of the centic) fin near the origin ot
abacissas, the middlc {1n, and the stake from Lhe afterbedy. Finally, the
stake, due to recession, ceaser tn be an expesed bluni cdge (x/r = 14].29),
Unfortunately, the x/r = 125.75 station Las the onlv two pres:. 1. Laps
instulled on the leading edge ¢of the atrake. The accordance between the
data and numeric«l 1esults ix excellent.

Figure 5, three pressure distribucions around the central fin af
different elevations (z/r = 70, 25, 30) are gpiven. These elevations
correspona tu distances of 0.92 cm, 3.1 cw, and 5.74 cm sbove the upper
wmodel surface.” The ccllapsing of all pressure distributions intu a narrow
band reveals that ir. rpite of al) upstream uirturbances, the leewsird flow
ficla immediately surrounding the central fin rerains near!v uniform «t
this moderate angle ¢f attack. The maximum acviation between data aic
calculations is limited tc « tew percent.

The flow field survey data by pitct pressure probes® is presented ,
together with the computed impact pressure contour in Figure 6. It i,
clearly exhibitea that the numerical sfsulation duplicates the measurements.
The definition of the shock wave syutem ar captured hv the numerics! mean
ia comparable to the data scattering band.® As we have mentioned earlfer,
the enveloping shuck wave systexr has attenuvated substantially i the
leewird region to be detectic as a Mach wave.

In Figure 7, the heat transfer in form ¢f Stanton number distributions
in five rtreamwise stations (x/r 108, 117, 1725, 759, 134,%G, 141.25) are
depicted. Thesc¢ data collecting staticns are {dentical to thete of the

surface pressure in the afterhocy region. The Stantor vumber is defined bv

St + g, /v u_(H, -h_) (12)




The numerical value ¢of Lhe rate of heat trans{ci was computed direct'y irom
the protilex of specific interual energy instead of static temperature to
take advantaye ot the monotonic distribution of the former ud acent tu the

body surface. The specific forsula used 1s

"
e oo ¥ i s 2y ]
St e (n‘ony¢nz)

/2 9
el (pe/o)/[pouu\“,‘h,)l WE))

The coorcinate transformation derivatives are incluaed as 4 consequence
of obtaining the heat flux normal tu the body surface, q = n'k™%. The
overall comparison between data and computational results is only fatr.

The peak heating is consirtently concentrated arcund the ¢xpused blunt
leadiry edge of the fins and strake. Since no thermocouple could he
tnstalled at these leading edges becausc¢ ¢t their size, & verification by
the snalytic rolution based upon the reference temperature method for the

stagnation puint was performed.'®

The analytic solution yielded a Stanton
number ot 1.243x10 ? which i~ within ten percent (107, ¢{ the numerical
prediction locally, Lowever, the persistent und maximum discrepancy (01)
between data and the prercut calculations is locited on the vindward
ritace and over a wide runge of the streamwise stations. ' .his behavici
Lt heen commonly detectedt in numerical simulations of flow fields wit!
incidence. Although the local ygrid densit. i+ 1elatively high, the r i 1mus
noimal glid spacing dees vot contrect according to the cutpivssed bourrdary
layer thtibress. This observatior lcvads logieelly to the peculatiorn that

further grid retirement 18 probably more critical thar the improvesent of

the turbulence model. A ringle effort ir this renc.rch area wiuld vield

some fnvaluable basic knowledge. Ir #ll, the prosent calcu'ations 10 ' w
the trend of data in reveeiing the peak heating 7 the expuscd leadiny
edges and troughs of heet transfer induced by Ul <eparated nid incip ..ot

reparation zenes on the 'ceward surface and (a1 regton: tetweer o
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A serien of remarkable numerical solutions using the parabolized
Kaviaer-Stokes equations has been performed for the forebody of the inver-
tigated complete configuration by Chaussce et al.®'° Thetr composite
numerical procedure initiated a full Navier-Stokes cclution for the blunt
nose region which served as the initia) boundary condition of the subsequent
space-marching suvlution until the strake, then the solution was Lerminated.
Their experience suggasted & very coarse streamwise step size vas permistible
between the canopy ond the beginning of the strake. There¢fore, only twenty
vne (21) stresswise stations and the coaisest mesh spacing (Ax = 1.45 cm)
vere implemented within this region for the present investigation,

Surface pressuryc «nd the Stanton numher dastribution compariscns with
the paralo)ized Navier-Stokes sclutions at their furthest downstream
station (x/r = lU8B) are presented in Figures 8 and S respectivi.y. The
agreesert in surface pressurc distribution is very good. However, the
prerence of upatream pressure propagsatiovn due to the strake ir dctectable
in the present computation. The small diitference between numerical solution:
{4 therefore attributable tv Lthe omitted interacticon in PNS solution for
the protrusiun of the strake. The difference ir the heat transfer datu i~
sure noticcable in the 'veward surface beneath the roll-up of the vorte: .
tei et accordance is reached on the windward surtice and both numerical

values under-predict the experimenta! mescurement. The atrony dependence

on prid syatese sdopted in the PNS calcviations was rcponml.Q 0 order to
avoid contfusion, cunly data from the cylincrical coordinate sysies generated
by a hyperbolic procedure fwiich give the best agrevment with the experi-
mental data) 1s included here for compartison.

The windward and leeward pressure distributions «lumng the plane of

symmerry are giver by Figure 10). The outstending feature ts clearly that



for a hypersonic lifting configuration the surfuce pressure varies in
magnitude over severa] orders. In the nose i1¢pion, the pressure attains
the maximum value of 41.R times of the freestresn; the minimum value is
only about 0.05 times of the unperturbed value in the corners between firs.
The windward pressure distribution indicates the rapid erpansion frow the
stagnation point and maintains a gradual compression throughout the windward
surface until the expansion initiated at the trailing bcattail. The
leeward surtace pressure undergoes e¢xpansion from the nose, recompresses
over the canopy followed by the expansion and finally rises over the
central fin. The agreement between the parabolized Navier-Stokes solution®
and the present result 18 very good for the forebody, excepting perhaps
come mild fairing which may have caured the undcrpredictiorn of the precsure
vslue over the canopy by the parabolized Navier-Stokes procedure. Only the
comparison of present results and data is existing for tle afterbody or the
cowplete configuration. The overall agreement serves to valjidate the
prescnt effort and confirm the choice of grid spacing in the forebedy
region.

V. POST PRCCESSING

In this section, a reconstruction of the entire flow field around the
X24C-10D research aircraft is attemptcd to gailn understanding of the

salient features of its structure. The overall surface precsure distribution

and heat trausfer around the aircratt 1s given together with the immediately
ad jacent surface strecnline to depict the surtace shear stress patterr and
to identify the possible¢ separated flow regfons. however, the graphic
|resentation of the flow field in form of Mach contours is limited to a tev
cross sections. Finally, the detnriled numerical procedvre used in evcluat-

ing the aerodynamic forces c¢rerted on the aircratt is included. This
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information 1x probably the most criricil to the aircraft desigr and should
be provided in the numerical simulation effort.

The overall surface pressure on the X24C-10D experimental aircraft is
depicted iu a perspective view in Figure 11. (Shang and Scherr plate 1).
As ve have mentioned previously, the value of surface pressure spans a
range of sevcral decades so an artificially compressed scale (cube root
value of pressure) was used to span the pseudo color spectrum. As antici-
pated, the high pressure regions are easily recognizable around the nose,
canopy, leading edges of strakes and fins the aircraft components exposed
to the oncoming stream. The extensive expansion above the leeward surtace
downstream of the canopy 1is also apparent, but the lowest pressure level is
confined to the inner fin root region of the middle fin. The evidence of
interference on the middle fin, originating from the strake, is reflected
by the intermittent high and low surface pressure value cver the backward
swept fin. This phenomenon is verified by the experimental dutu. One of
the interesting revelations is that the pressure along the side surface of
the fuselage is nearly constant until the afterbody contracts to form a
recessed borttail where the flow expands toward the downstream. The
recompression along the plane of svimetry to realign the oricntation of
vorticel flow above the leeward surface is also clearly indicated.

The characteristics of heat transfer to the surface are depictcd by
the static temperature of the immediately adjacent nodes away from the
surface (Figure 12, Shang and Scherr, plete 2). Since the body surfzce 1is
maintained st a constant temperature, this local tempercture effectively
dictates the intensity of heat transfer to the sclid surface. The high
heating regions generally correspond to the exposed clements c¢f the aircraft
analogous to the surface presiure. However, secondary high heating zones

are ¢lro indicated in the inviscid-viscous interucting regions surrounding

15




the canopy, adjacent to the plane of symmetry and the areas betweon strake
and fins as well as the domuin bounded by the fins. The only unusual '
patterns observed are the overexpansion of upwash leading to a lower heat
tranafer rate around the leeward outboard corner and continuing to the
leading section of the strake where the afterbody recedes. All thece
observations are supported by the detailed calculations presented in the
previous sectjon cf discussion. A
The effort involved in a complete reconstruction of the entire flow
field in a giaphic presentation has proved to be prohibitive at present.
The basic difficulty of two-dimensional projection of a three-dimensional J
phenomenon can, iu principle, be overcome by a holographic stereogram. 3
Unfortunately, the supporting facilities in long-haul communication and
limited capacity of graphic work stations in simuitaneous display of data
still fall short. Tn order to exhibit the peculiar features of the inves-

tigated {low field, four cross-sectional Mach number contours are given in

- ;-

Figure 13 (Shang and Scherr, plate 3). At the streamwise station x/r =
39.5, the induced shock wave system over the canopy and the dispersior of
the bow shock envelope over the leeward domain of this sectjon cf the
forebody are apparent. At the last forebody cross section, the attenuation

of the bow shock wave by the expansjon from the windward to the leeward

domaiu becomes very clear. The shock wave generated by the canopy by now N
-
is completely dispersed. Similarly, the vortical formation near the ;
-
leeward plane of symmetry is also obvious, together with tle jinduced higher v
Mach number puckets above and outboard of the vertices. At the next g
1
i
station downstream, x/r = 125,62, the bow shock wave enveloping the strake §
\
.I
impinges on the middle fin and exhibits significant distortion in structure. %
This interference is cbeerved persistently cver the entire afterbody even K
3
s
)
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downstream of the location wherce the leading e¢dge of the strake sweceps
backward and paralle] to the axis of symmetiy of the afterbody. In the
lust cross sectional plare presented, x/r = 145, The bow shock wave
originating from the hlunt nose continues to exist in the windward domain,
The enveloping bow shock waves over the fins and the etrakes dominate the
flow field. Fven through the leading edge of the strake has turned parallel
to the fuselage axjr, its associated bow shock wave still retains sufficient
strength to interact with the bow shock waves over the middle fin., Unfor-
tunately, lfttle detailed iInformatjon is discernible by the relatively
coarse supporting local mesh system. The bounding shock waves above the
strakes arc cbserved to merge with the bow shock wave generoted by the
blunt nose¢ with attenuation around the lower fuselage convex corner. The
bow shock wave over the central fin 2lso interacts with the vortical
structure in the fin root region., However, the interaction is rather
limited in intensity and is confirmed by the collapsing surface pressure
distributions around the central fir (Figure 5). It is alsc interesting to
note that the high Mach number pockets induced by vortex and expansion
still persict even to this streamwise station,

fach number coutours in the plane of symmetry are depicted in Figure
14 to serve as an additional cross reference. The bow shock wave svstem
originating from the blunt nose is clearly identifiable. In the windward
domain, the shock strength is maintained over the entire configuration.
The expansjon triggered by the retructed lower hoattail surface is alsc
revealed. In the leeward domain, the shock wave system induced by the
canopy, its subsequent dispersion and the following bow shock waves over

the cerntral fin stand out. The envelope of the bow shock wave system

projected on the plane of symmetry yields a total wave inclinaticu of 22




degrees over the torebody. This value is in perfect accordance with the
experimental observation by a shadowgraph.

The surface streuamlines prepared by P. Buning of NASA Ames Research
Center is presented in Figure 15. This approximate surface shear flow
pattern ies constructea by the first node velocity components away and
parallel to the body turface. The upwash of the nose region due to the
incidence and the secondary flow structure immecdiately upstream of the
canopy are clearly revealed. The surface stream]lines converging at the
onset of the canopy and diverging over the cancupy surface suggest a confined
and small separated flow region embedded in the junction between canopy and
fuselage. The low local heat transfer rate seems to confirm this observation.
However, the separation &nd reattachment over the leeward surface downstream
cof the canopy is without any ambiguity. The surface streamlines also
reveal tendencies to counverge around the junctions of middle fin, strake
and the afterbody implying incipient separation. The relatively low Leat
transfer distribution 18 in correspondence with thic jdea, but the topo-
logical constraints of the converging fins preclude a conclusive interpre-
tation. An interesting observation can also be made ou the lack of a
horseshoe vortex structure around the blunt fins.l!7 This may be associated
with the swept back configuration of fins. The drastic difference in flow
field structure between the vertical blunt fin and the swept back fins may
warrant a detalled and separate investigation,

The aciodynamic force exerted on the complete configuration can be
easily derived from the Cauchy's theorem

F=n't (14)

.
.
N
-
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where the stress tensor is given by

T T T
X Xy Xz

=

T= | T T T
yx Yy yz
T T T
zXx 2y 2z

The specific expression of the stress tensor has been shown in Equation
(3) which contains the static pressure as a component ¢f the normal stress.
The net aerodynamic force components at & point on the control surface, n =

constant, in the Cartesian frame are

F = (nxTxx + nytxy + nZTXZ)/Vni+n§+n§ (15a)
Fy = (nxTxy + nyryy + nzTyz)/¢ni+n§+n§ (15b)
Fo=(nrt + nylyz * nzrzz)/¢n§+n§+n§ (15¢)

In the present investigation, the control surface coincides with the body
surface. Since the present analysis omitted the base configuration, the

trailing surface was not included in the computation. For a hypersonic

vehicle, the drag contribution from the blunt nose and wave syctem should
overwhelm thst of the base regime. The present simplificatior will serve
as a verification of this conjecture for engineering applications. However,
the present formulation is derived to be independent of this approximation
and to retain the general validity.

The surface integral of an arbitrary plane defined by x([,.), y(£,C)

and z(E,z) is!®
2 2 2 2 2 2
UFi(x.y,z)[(xE *yp tzp) (e +yr 4 zc)

Y24ear (16)
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The above expression can be further simplified by the definition of
the Jacobian of the ccordinate transformation and some algebraic manipula-

tion to yield

1/2

JIF (xoya2) (] + nZ + n2)/32]7 %dEdr (17)

Finally, we have the net aerodynamic force components exrcrted on the

complete configuration

Fx = ff(nxTxx + nyTxy + nzixz)/IJl dgdeg (18a)
Fy = ff(nxryx tnT, nztyz)/lJ[ dEde (18b)
F,o= Jf(n1, +nT o+ nszz)/lJl dédg (18¢)

y zy

where, the Jacobian of coordinate trarsformation is given by

gx nx cx
J = n

CY y CY

Ez nz Cz

The aerodynamic force components along any desired direction can be obtained
by a simple projection,

Tn the present formulation, the advantage of a body conformal coordinate
system is transparent. One 1ecognizes the necessity of & zonal construction
of the grid system for complex configurations, however, consideration
should also be devoted to the ease of post processing,

The specific comparison of the computed drag and 1lift coefficients to
the experimental data is presented in Table 1. The difterence in 1lift

coefficlents is merely 4.72 percent and the drag coefficient has a discrep-

ancy of 6.7C percent. However, the compensating errors in numerical




underprediction yields a L/D ratio within 2.16 percent of the experimental
measurement. This agicement is confined within the accepted experimertal
error band. Indirectly, this comparison seems to justify the present
omission of the base drag contribution.

V1. CONCLUSIONS

The first numerical simulation of the flow field around a complete
aircraft, the hypersonic 1esearch aircraft X24C-10D, utilizing the FReynolds
averaged Navicr-Stokes equations has been accomplished, yielding accurate
predicticu of detailed flow propcities. The numerical results obtained at
a Mach number of 5.95 2lso indicate an excellent agreement in aerodynamic
force coefficients with those of experimental data.

The page data structure collected into separated blocks and cyclically
rotating from the external storage device into the central processor has

been demcnstrated as an efficient and viable adaptation ¢f the numerical

procedure to a very large class computcrs without sufficient dynamic
memory. The cyclic data block structure has also been found to be a
convergence enhancement device by selectively processing data according to
its rate of convergence.

The parabolized Navier-Stokes sclution generated for the forebody of
this aircraft has been verified by the present result. A composite numerical
procedure for the entire configuration may be desirable for efficiency
improvement. Urgent rescarch emphases still exist in continuing improuvement
of numerical efficiency, long-haul communication and graphic suppcrt of the
computational aerodynamics discipline.
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APPENDIX A

Construction of the Grid System

The grid system wus constructed in distjnct regions which werc then
mergcd to form one computaticne) block. The primary division was between
the spherical prid «t the vehicle nose and the cylindrical structure over
the rest of the aircraft body. Each plane of the cylindrical system was
further subdivided into three regions: a hyperbolic grid next tc¢ the body,
snd two transfiritely interpolated regions vhich continued the grid from
the hypertolic part to the prescribed outer boundary (Figure 16). 1his
arrangemert alloweu al' the conditions speciffed for the grid to be sutisfied.
The multiple-plane structure of the mesh system was conveniently implenented
by letting a £ = constant plane also be an x = (onstant plane. The prid
was made orthogonal in each plare at the vehicle surface by use of a
suitable hyperbolic grid gemerator. The restrictiuvns on the outer portiorn
«f the mesh were satisiied by the creation of the composite structure.
Smoothness of derivatives between regions of the grid was enhanced hy
application of a Poisson operator.

Hyperbolic (‘rid Generation

Orthogonality of the grid at the vehicle surface was the first require-
ment for the mesh system. This constraint was slightly relaxed to require
only that it be orthogonal in each x = constant c(ross section. This was
guaranteed by use of a hyperbolic grid generaticn algorithm originaily
proposed by Steger and Chaussee!® and further modified by Kinsey and
Farth.?? This algorithm takes the definition of grid orthogonslity

ynyc + znzL = 0 (1)
and the transformation Jacobian

Yoy T Ye2n T 13 | (2)
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to devise a scheme mapping (y,z) to (r,0). locally iinearising about tihe
point (y®,2°) and noting that an area integranc (an he written dV = dv d.

1/J dn d¢, (1) and (2) become

AR+ BR = F
r

14
vhere A = ¥, z , B = P . R = Py :. and
—® +v° +72° —y® ‘:‘
ln yn » z yl
F= 0
vev©

Inspection of B ‘A shows that this syrtem 18 hyperbolic and (an be marched
in n,

The finite differerce solution scheme of the origins] algortthm !r
centrally cifferenced in { and backward differenced in . .t can be

written as

- . - \2
[I+B AéLle,j*l Kk.j‘n Fk.j‘l+fe(vktk) kk,J

vherc the final term adds explicit, fourth-order dieripation as described
in Beam and Warming.'® To insure smoothness, additional tempor . and
spaciz] dissipation is added. Spacial dissipation cores from the use ot a

more peneral clats of integration in rv:

R -R
A 3 L gy (2R 3R
An (1-8) (Bn)j + B(an)j*l
When f=]1, the original backward differenced scheme 1s obtained. lor p-.h,
the error termr has a dissipative effect 1n the  direction. FRevitting the

algorithm in delts form and adding tempoiral dissipation througl an fmplicie

term, which does not formally degrade the accuracy of the algorithm, the
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final fore of the niheme is

2 ! - R ! r e - ?
[‘.(l(vkhl) +8b Ao(l(leI R;) B lB‘j'l’(l L)VJ]OLC\VkAk) Rj

Note that this scheme requires the (7~-dimensional) cell volumes at the |
and {+] levels. 1lhe | level volume car be computed from the vxinting prid
in terms ot the metric functions, using (?), The volume at j+. i+ ertimated
by referriug to an average of cell vclumes from two ideali.eca polar yrids.
Both these grids ure formed about circles whose circumference equals the
art 'et.gth of the hody croas rection and both have an ¢ ponential stretching
in the radial direction. The polar grids vary in their spacing in tt.
«t1cumterent{r] directicr, one being equispaced wna the other having
~pacing proportions t« the original distribution of points on the lody.
"he ;+1 cell volume 18 chose to transition swooth'y irom the corresponding
volume in the unequall; spaced grid, vhen the cel’ {8 at the body, to the
“uviume in the equispaievu grid, when the cell i+ ter trom the hodv.

The puiimeters have been used ir generating the grid control
dissipation, spacing, and orthogonality. b relaxes the orthopcrality of
the grid asr | roves avay from 1.0. This helps the grid to adapt to¢ the
~ide variation in curveture of the body, without forcing it te kink or
«verlap itself. Orthogonality is forced at the body surface by setting the
tollowing parametcers at j=2: t=1.0, re-0.0. and zi-U.O. These pararcters

ther ‘noercase lirvarly witkh  to their maximum value at =) and stay

l ’
const. it at that value. In order that the radial lines d¢ not spira! back

in toward the had, the value of & {8 returned to 1.0 between j={ and

‘max The other values used to generate the hvperbolic gride wvere
x

H | J =0.05, =0, =8, . =130, ) & :
max iy \Le).ax 0.05 (r')m", 0.048, by 8, and j. 0 The radial spacing

o+t the wall was 00,0289 lr and the nominal total radf«! distance, used in

ertimatirg cell volumes, was 25 r,*O.l(x—x().

N




The distributior ot points on the body wes controlled by use of s
leugth weighted by curvature. The hyperbolic grid generator marches the
grid out from some predetermined body contour with some given point
spacing. Ar existing program was used which, given an axial location i,
would produce a sequence ot points describing the body crosrs section .t
that particular statior, lhe curvature, x, war computed at each point «nd

the weighted arc length, S(s)=. !+)max(«¢,0)

[ o
max

ds was calculated along the

( )

curve, wvhere ' {s a weighting tactor for the curvature. Points were then
placed on the curve 0 as to be equispacec ir S. This function tena:s to
cluster points at convex corucis and give a uniform djctribution along
straight lines an1d at concave corners. This kind of clustering i+ that
tvpically required in an externsl problem. It war alsc airanged that hoth
end palrs of points would straddle the centerline of the body, for use iIn
tmp!cmenting the svametr, (cudition. The paramet+r » was sel to zero for b
5. This terced the pofuts to be vquispaced v 10 length on the
forehody., 1 increased linearly with ¢ to a value of 2.5 at ! = ,0 and
remained at that level tor i 70, It war bcped that this method o
piac‘ng the points would lead to smooth changes between planes cof the grig.

Lomposite Grid Structure

The second requirement on the me:h . utem was that {t confort to a
smutl outer boundary. An astterpt was made to use vurving cell volumes in
the h/perbolic pric, these cells volume~ lcing determined bv freroting the
griu peverator. This attempt was unsuccesstul, as 1t ‘ed to 4 kinked
boundary, and the iwmplementation of the rcthod proved to make o trol ot
the boundar:. tco difficult. Thus, ¢1 alternate method wa: erploved, veing
transfinite :uterpolution from a ~pecities - level ot the hyperbolic rid

through ar interwed..t« amooth boundary anu on to the destred vuter i.undary,




The analytic description of the outer houndary was [crmulated based on
experimental results. / pitot pressure survey at the last forebody station
(x/rN = 128.0) indicated the presence of a bow rhock wave of approximately
bi-elliptical shape (Figure 6). A shadowgraph picture taken of the c¢xperi-
mental model] showed that the shoch wave projection in windward domain grew
linearly with x at an angle of O = 13.5°. Thus, the outer boundsry was
defined to be a bi-elliptical shkape centered at (0,0) with v-axis lergth
A(x)/rh = [32.5+(x-128.0 rN) tan6]¢, upper z-axis length Bl(x)/tN z
[50+(x-128.0 rN) tan (06+u)]¢, and lower z-axis length BZ(X)/rN =
{17.5+(x-128.0 rN) teu (9~a)]¢. The inclusion of the angle of attack, u,
enables the grid generation program to have a wider range of applicability.
The multiplicative factor ¢=1,25 increases the size of the griu to make
certain that the entire bow shock is captured.

In order to match the cylindrical grid generated around the body with
the spherical grid penerated arcund the nose, the defirition of the cuter
boundary was :ltered at the extreme forward part of the vehicle. The
center of the hemispherical nose 1s located at (xv.yr.zc). The line
determined by B:(x). the upper edge of the gric system, was projected
fcrward all the way to ¥EX . Thus, the radius of the spherical grid was T
: bz(x()-zr. Between x=x and x=x_ + 20.75 ry: an arhitrary point chosen
‘orward of the canopv, &1l the parameters of the bi-elliptical structure
veried linearly--the ceuter from (yc,zc) to (0,0), «nd the axirs lengths
letween T and thelr values at xc*20.75 r,. This arroryement produced a

smooth vuriatfion from the bi-elliptical structure to a cirvcular structure

at o »=x
s

Ar intermediatc houndarv hetween the outer boundary and the edge of

the hyperbolic mesh was prescribed irn crder to ensure smoothnexx of the

W e -




grid in the region of the bow shock wave. This boundary was chosen to have
a bi-elliptical shape, so that all the circumferential lines between it and
the outer boundarv would be similarly shaped. Thus, all the transition
between the uneven shape of the hyperbolic grid and the bi-«#lliptical shape
of the outer gria took place in the central region (Figure 16), where the
need for numerical smcothness was not as pronounced. The intermediate
boundary was positioned to be a fraction p = .30 of the distance Letween
the outer boundary and a shape enclosing the hyperbolic grid. The boundary
of the hyperlbolic grid was interrogated to determine the points of greatest
extension ir vy, (y],zl), highest extension in z, (yz,zz) and the lowest
extension 1in z, (y3,z3). The center of the bi-ellipse was placed at (O,Z])
with an upper z-axis length B;(x) = zz(l-p) + Bl(x)p-zl, and a lower z-axis

length Bé(x) = —z3(1-p) + Bz(x)p + z The y-ux»is length was A'(x) =

]'
yl(l-p) + A(x)p for x > x, * 20.75 o and was A'(x)q + 1/2(Bl(x) + Bz(x)(l-q))

for x < x.* 20.75 L where q = *Xe . This ensures that the inter-

mediate boundary approximates a C;Séiz :2 % approaches X .

The next step in performing the transfinite coustruction was determinu-
tion of the placement of points on the intermediate and outer boundariee
and specification of the stretching along the racdis)] lines. Points were
placed on the outer houndary so that the arc Jengths between them were
proportional to the arc lengths on the edge ot tle hyperbolic grid. 1he
points on the intermedjate boundary were placed in a similar fashion with
an additional numerical averaging. If s(n) 18 the accumulated arc length
through the nth point. proportional to the spacing on tlke Lyvperbolic grid
boundary, savg is the average arc length betwcen points, and o = 0.1 is &

smoothing parameter, then thc actual arc length at the vth point is s'(n) =

s(n-1) + [8(n)-s(n-1)] (l-0) + savgo' This smoothing relaxes the point

30
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distribution so that it approaches an equispaced distribution. Poiut

placement was determined fcer each radial line separotely. In the region
between the hyperbolic grid ard the intermediate boundary, spacing was
determined by the iuverse hyperbolic sine tunction of Vinokur.’’ The
spacing at the inner boundary coincided with the outer-most spacing of the
hyperbolic grid, and the spacing at the iutermediate boundary was chosen to
be the maximum of 0.125 Ty and the spacing required for an equispaced
distribution along the radial line hetween the inner and outer Loundaries.
In the other region of the grid, an exponential stretching was uszed which
matched the stretching at the jutermediate boundary.

Generation of a £ = constant plane was completed by application of a
Poisson averaging operator to the gric points between j=22 and =32, a
domain which included the entire middle region. This was done to promote
smoothness of derivatives across the composite grid. Some typical grids

car te seen in Figure 17,

Spherical GCrid at the Vehicle Nose

The cylindrical coordinate system of the mesh wos easily transitioned
into a spherical system on the hemispherical nose. Surface points were
spaced equiangularly both latitudinally and longitudinally, with radial
stretching controlled by a line from the i=7 plane, which abuts the nose
region. As mentioned above, the parameters for the composite grid are
varied so that mesh in the i=7 plane 18 nearly circular. The grid points
in the i=] plane are the reflection in the z=z plane of the points in the
i=2 plane. Apalytic cortinuation of the field variables in the £ direction
indicates that P(k,j,1) and ¥(k,3,3) are neighbors of P(k,j,2) spatially
(Figure 18). Due to the bilateral symmetry of the flow, all the scalar

varjables are equal at P(k,3,1) and P(111 - k,j,2), with the velocity
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vectors being equul in magnitude but reflected in the v=0 plane. Since the ;
spherical grid 1s equispaced, the flow variables need not L¢ interpolated o
to set boundary conditicns at P(k,3,1). This type of structure can be used :
for any bilaterally symmetric flow. The sirgularity along the axis for the
cylindrical-spherical system is physically aveided by the grid and boundary A
tonditions are set across the axis of symmetry. One disadvantage of the g
construction is that the grid spacing along the surface of the nose i )
J
actually less than the smoallest radial spacing, due to the large number of <
peripheral points. This is undesirable computationally, but unavoidable in i
a body-fitted system. The extra work required In processirg was reduced in E
the computation by takirg advantage of the data structure und only computing :
in the nose region when necessary. ;ﬁ
In summary, construction of a L = constant plane of the mesh began E
with the generation of & hyperbolic grid next to the surface. A composite ;
gria was formed using trunsfinite interpolatior from the edge of the i
¥
hyperbolic grid thrcugh two outer boundaries. Tlastly, s single pass of o :E
Poieson smoothing operator was performed. All facets of the construction "5
were chosen to promote numerical smoothness of the grid and in the ensuring n
¢
computation. The mesh about the blunt nose wus creased as a spherical A
gria, juxtaposed to the foreboedyv grid. Computational bLoundary ccnditions ?
were provided for by setting vp the grid tc take advantage of analytic ;l

continuat fon and symmetry.
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Cross-sectional Mach contours. (a) 7 r 485 (b) 7 v 108 {continue) \

Figure 13, Cross-sectional Mach Number
Contours
(continue)
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Figure 13. Cross-sectional Mach Number
Contours "
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