
I. lnrrodw(iom 
HILE potential flow solutiom h v e  proved a r t r d y  
w f u l  for predicting transonic two- a d  three- 

dimensional flows with shocks of modcrate strcngdi, (c.g., see 
Refs. 1-3) typical of cruising flight of transport and some 
class of fighter aircraft, the approximation of ignoring en- 
tropy changes and vorticity produdon cannot be cxpcctcd to 
give acceptable accuracy when the flight ipccd is increvcd 
into the upper transonic range. Howevcr, more important 
than the change in pressure rise across a shock as pointed out 
by Lock4 are the effects on lifting flows due to the auump  
dons inherent to the Kutta condition in potential flow theory. 
One part of this paper will study this effect in detail. 

Methods available for simulating transonic viscous flow 
foils are either Navier-Stokes methods, e.g., Ref. 5, or 

inviscid methods coupled with boundary-layer solutions. 
Whereas th Navier-Stokes equations properly describe in- 
tnacling flows, these equations are currently ratricted from 
routine use becaw of computer requiremcnu and lack in 
physical undtrsllading. Inviscid flow boundary-hya 
coupling methods on t k  other hand require l a r  computer 
raourca, but have been developed only for irrotational 
invircid flows and usually attached boundary layers, see Refs. 
4, 6, a d  7. In the present paper the Eulcr equation solver 
allowing for rotational inviscid flow is coupled with an in- 
verse integral boundary-bycr method to allow for attached or 
separated boundary layers, thus avoiding problcm in dealing 
with strong shocks as reported by Lock.4 
The third part of the paper deals with threedimensional 

wing and wing-body flow. At present, only potential flow 
solvers based on either the small disturbance or full-potential 
solution are in UK. Reference 8 preKnu an inlcresling revim 
comparing different methods with expcrimcntal data. 
However. all methods exhibit the nad for an added vortex 
sheet as discontinuity surface. Since the introduced jump in 
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potential are confined to be constant along y = const l i n o  
ralhcr than Weamlines, those methods arc physically in- 
conea near t k  wing tip or for small upcct ratio wings. T h r ~  
problems can k ovctwmc by solving the full Eulcr equation, 
in cocwrvation form since they can capture discontinuit~cs 
without explicitly introducing vortcx rhccu. 

Bved on previous expcricncn on airfoil, inlet. and wing 
compulalions the finite-volume approach as introduced by 
MacCormack9 has been chosen. Kccent efforts, howcvcr, to 
improve the efficiency have led to a new multislage, two-lrvel 
scheme which is described in detail in another paper of the 
1981 AIM-FPD conferen~c.~~ The Euler coda based on 
thee schema operate on 0 or C m a h a  provided by cxisting 
full-potential solvers. Sincc the same moh ia being uxd, this 
allows for direct comparisons between full potential and Euler 
solution. moreover, the full-potential solution can bc uxd a% 
starting solution for the Eulcr solver. 

At present the methods have been applied to lifting and 
nonliftiny airfoils, cascade, winjp, wing-body combinations. 
and inleu. lo the present paper dctaiieetnparisons arc gibcn 
for lifting and nonlihing uirfoilr as well as the DF'JLW-I4 
wing-body combination which is a standard tc .1  case in 
GARTEur AGOI. Special attention is given to the cflcct of 
separation in inviscid compressible flow as s!udicd on the 
circular cylinder. This phenomenon was opparen~ly first 
noted by Sales.“ Most caxs have been run on an I BM 303 1 ; 
the coda, however, have also been tested oil CDC 6600. 
CYBER 203. and CRAY 1 machines. 

11. Eukr Equation Method 
The numerical method used to solve the time-depcadcnt 

Euler equations is described in detail in Ref. 10. Thc version 
used for all cases discussed in the prcxnt papcr is the unspl~l 
four-stage two-level scheme with the enthalpy-forcing tern1 
and the local time stepping. A blend of second and fourth 
differences is  U K ~  to . . ~,truct dissipative terms of a filtcr- 
type. 

The far field bouncr. , conditions are nonreflccting and 
allow either for sub- or supersonic freestream Mach numbers. 
All solid surfaces have no flux boundary conditions. the wall 
pressure being extrapolated from the field. For viscous 
s~mulations the flux through the wall is given by the source 
velocity cquivalcnt to the boundary-layer displaccmcnt 
thickness. 
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1V. Viadd-XorbddcOapkg' - Mesh r d m u n a u  techniques can easily k adapkd, but. 
ThtmcchodUSCdtotlchievcvldd-invirdd :+ $, bowcva, havc not ban urcd in the present audy because of ~ p l i r U t  lLl' the ~u ol f&potcn(i.l methods to provide starting solutions. surface source mOdel (or tbc method of equivalent sources of i: , A - 

Lighthill"). This mahod has an &antage wa the effcctive ,iZ... 

d i ~ p l o c a a a r t r u r f ~ ~ ~ . p ~ r o r c h i n t h t ~ ~ ~ d . o ~ r o u r c ~ m ~ r  + -  ' 
VI. Xu@ Condition 

flus imp& a bounduy in invi&j **  In twodimcarional lifting invirckl &entropic flows a Kutla 
at the ~hyricll  body surf.ce or in the mke, & condition ha8 to be specified at tbc trailing edge which 

hcacc m a h  rrdjlu-t d u r b  Ibc itaotion p- & nat ' HY impkmcnted in w m p u h t i o d  methods by 
raquirinl tbe static pra rwe  to k squal at both thc upper and r = i u i r c d * ' C b e u l u t w w f = - f l u s b v ) . . ~ ~ . t ~  

, <- mfw uliliw dg. Sirvr in -w physical surface k given by 
p a s u r e  is conrtrnt evaywberc, t J h  condition will force the 

1 

db,u,b*) . 
' rocrl vdocity WI botb sida to k m o  for non-zrro trailing- 

@u),= & 
C2) ,- .ad tqurl urd l id& f~m~url l iw-edge an&. 

In roUtioaJ Ilorr, e.g., vrnrarlc fkw with a shock on the . uppa8urfrco , tbcrorr lp~abehibdtbcrbockonthc  
w b a t b ~ ) , b t h e b c l l ~ f l ~ . ~ t o t b e w r f ~ - ~  upper wrlm is smJkr lhrr oa tbe Lower ru~face 
righthrd side of 4. (2) is d w r c d  .fia ach ~WQIC comrpordinl point, thus forcing a difference in tbc s p e d  for 
bouadur-laya dubs to dctamh bc) ,  for rnbscclw ' confiauou, static pressure. Thu forca thc invircid flow to 
inviscid atnll.ltun. - * leave a t  tbc tr8il&g edge and to k single valwd sine no 
Tbe virddinvbdd irUcrdon colnJllt0n rcf#lrc PfOCCab 

' 
rdutiocr with. Iql #O on botb the upper or lower urr fae  is 

in the following stcpr. 
' 

poulbk. T k  w)y pouibk solution ia  the one depicttd on Fig. 
1) Tbe Eulcr cqd011 rduli6a & dvracod 20-U) ~ d a  I w h  lly flow will leave tangent to thc su r faa  with the 

with bu),, -0. h i g k  total pressure smoothly and form a slip line. In 
2) An invcrw boundrry-I~YU rolutioa is 0blJacd with comprcuibk flows withaur shocks, again, only the one 

6'''' given by 4. (11, w h r e  P'" lS a flat W dbfdkrtioa, solution with Iql -0 a t  the W,pg edge and a flow leaving in 
u,,, is conrtant a t  the' fretrlreun value (rc,), rad Iql,, lS ckc bisector direction t pouibk. This is duc to the fact that 
obtained from the l u t  cycle of the E u k  eqwrion rdub. ' my flow around the trriling edge would caw expansion to 

3) The Euler equation rdulion & 8dv- 20-50 cyda , M-a which hr to k termiaotcd by a shock if tbe flow ,will 
with @u). held f l d  at the vduc glvcn by 4. (2). ; -2$ l a v e  tbc u p p a  surface (Fig. 1). Again, this would cause two 

4) An i n v a u  boundary-hycr miution ir okJwd withm ' I .  diffacat, t900#lthd vdodtks at both sides of thc fictitious 
6 * ( m + 1 )  given by Eq. (I). , Kutu p a n t  which k imporribk. 

5) Steps 3 and 4 are rcpcated until convergence on b* or c, . T o  study tbew cffccu for smooth, round trailing edges. 
(surface prnrure coefricicnl) b obtained. , . some numajcPl cxpaimtau have kur pafonned on the 
The number of cycles the Eula  equation colutbD & d- drculu cyUada tat cozcr iailktcd by S;rlorl' who foclnd 

banccd in stcps I and 3 depends upon the problem. For , rlmllor raultr. The r a u l u  shown in Figs. 2 and 3 have been 
example, i f  strong shocks form in the early c).& of the Euler .cfiitvcd In a 64X 32s-h for a W-cylindn. 
equat~on solutbn and if over-relaxation is uscd, like u-2, it Firlure 2 portrays nicely the resulu for M, -0.20 in 

bc *dvan~agcou~ to call the inverse boundary-layer pressure distribution mlving the full-potential equation and 
, ~ l u ~ ~ c w  ,rlicr onl, r fcu cyclcr. It i s  possible to obtain a tb Eula  equations. Both mlutioru are fully converged to a 
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residual of 10-l2 and both agree completely. For M, -0.50. 
Fig. 2 shows quite different results. The highly convcrgcd full- 
polcntial solution gives a very strong shock and stagnation i s  
reached with the correct static prcssurc and q = O at thc rcvr 
slagnation point. The Euler solution indicaw only minor 
differences at the forward part of thc cylinder; howcvcr. 
shock position as well as preuurc ahead and behind the shwk 
differ quite a lot from the full-potential solution. Mort 
surprisingly, slarting from WD-0.78 the slatic pressure 
from the Eukr wlution is constant and almost equal to c, = 0. 
Figure 3 clarifies the results by presenting the direction of the 
l o a l  velocity vectors. The flow %parala from the smooth 
surf- and f o r m  a recirculating "dead-air" region with 
very small vclocitia (q r 0.01 W;;);l'l?z<nmc)ting that the 
wdl-known phcnomenr of nearly constant p ramre  in such n 
dead-air region is computcd by the present method without 
specifying anything spccifiully about this region. Although 
inviscid separation rounds strange at first, it can be proven to 
k correct. 7hc  reason for this separation is the total pressure 
loss and the vorticity due to the shock, rather than due to the 
boundary layer. However, the consequences arc similar since 
the flow due to the total pressure loss at  the wall streamline 
docs not have enough kinetic energy to stagnate at the rear 
slagnation point. It should be noted that this inviscid 
separation point can be found to be always behind [he one 
known from viscous flow analysis. It can arise as a limit for 
R e - a  in compressible flow if the total pressure lossa are 

' 

significant or the onset flow is rotational. 
Since t hoe  examples indicate the basic capabilities of in- 

vk id  flow computations with the full Euler equations. the 
treatment of wakes in threedimensional flow will only be 
mentioned briefly. All Kutta conditions pertinent to the 
problem in consideration will show up automatically. Since 
the method is written in full conservation form, discon- 
tinuities like shocks and slip liner arc also captured properly. 
As known from supersonic flow studies. the accuracy can be 
improved by mesh alignment, which recommends [he use of a 
C-type m a h  for wings since this will allow easily for wake 
alignment. 

The cfficicncy and accuracy of thc Euler solver has been 
confirmed by numerical experiments. Some typical results are 
prercntcd here. No~ilifting rcsultr are showrr in Ref. 10 for thc 
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NACA 0012 airfoil. In a 64 x 32 0-mesh for the half-plane the 
highly converged full-potential solution using multi-grid 
and thc Eulcr solution show 8% chord difference in shock 
powon ,  the pressure jump is smaller, as expected from the 
R.uahe-Hugonoit condition, and the trailing-edge pressure is 
r c & d  owing to the total pressure loss. Figure 4 shows 
sorrnponding r a u l u  for a supersonic freestream Mach 
number, demonstrating the flexibility of the present method. 

Figure S portrays the comparison for lifting flow o v a  the 
NACA 0011 airfoil wing a 128x 32 0-mah. Again, the full- 
potential MAD solution has been used as s w i n g  solution for 
the Euler solver. The converged solution was reached a f t a  
500 Euler cycles with stability condi~ion CFL-2.8. This t h e ,  
not only are their differenccl in the shock strength and 
position significant, but a h  in the complcie pressure 
distribution. Lift, drag, and moment cocfficicnu are quite 
different. Again, trailing-edge pressure is slightly reduced. 
The difference in lift can be explained as an effect coming 
from the trailingdge Euler solufion which doer not need any 
explicit Kutta condition. Since there exists a total prasurc lou 
on the upper surfacc, the flow is leaving the lower surface 
smoothly, which cormponds to a small flap dcflccml u p  
wards in potential flow. 

The expimental data of Cook, McDonald. d FifminI7 
includc surface pressure and boundary-laya WOnDILtioa for 
transonic flow about the RAE 2822 airfoil. Two sets of cx- 
perimcntal data. deaoled as a ~ ,  6 and 9 in Ref. 17. u e  
considered. U n f o n u ~ t c l y  thae dau, like dl available 
transonic airfoil data, arc not intcrfcreoce-free. 

In the present computations only the nomiaal Mach 
number of the wind tunnel raults  has kcn corrected by 
AMa0.004 for both cases. The Reynolds number based on 
chord was R e ~ 6 . 5  x 106. No adjustments have bctn made to 
match lift. The solutiom were d l  o b W  in a C-type mesh 
with 128 x 30 voluma. Both tbe interaction solutions a d  the 

. inviscid solutions were run 1000 cycla in the Eula code. For 

t i y .  V I'oncpariwr ul thrrr-di-4oe.l ljrlrr ..4 I-W d d o a a  whh c*prkwrlU for lk t ~ ~ p o r t  cuafiguratioa DFVLR-F4 wing 
ylur rcal luxlaye. - - ---_ . - - -----.-. - -- -- 
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he viscous cases the boundary-layer method was called every 
io cycles. 

Cornparbans of calculated and meaurred surface pressure 
iata art given in Fig. 6. The agrtcment with the cxperimcntal 
kta b qwlc good, even for the trailiig-edge region. The 
iiffacaot in shock position for case 6 is within the un- 
EatPinucr in Mach number concctionr. 

Comparisons of c d c u k d  and measured boundary-layer 
data are given in Fig. 7. Tbe calculated boundary-layer 
dispioccmcnt thicknus (b0/c) and momentum thick- (B/c) 
distributions are slightly Wow the expaimcatal data w a  the 
aft portion of the airfoil for cue 6. However, thc calculated 
shock location is slightly forward of the apcrimcatol shock 
location as mentioned above, which may contribute to this 
difference. The calculated c,, P/c, and 8/c distributions for 
case 9 with the stronger shack arc in fairly good agrctmcnt 
with the a p a i m m t a l  data, even in the shock-boundary-laya 
interaction &on. A more detailed comparison of calculsrted 
and measured data thraughout the shock region and at the 
viiiling edge k given in Fig. 8 by boundary-laya vdocity 
profile comparisons. Thc agreement between calculated and 
measured data b considered good. Calculorcd distributions of 
the source velocity bu), are included in Fig. 7. This term 
becoma s i g n i f i  in, and downstream of, the shock with 
large positive values occurring in the shock region and at the 
trailing edge. The source velocity kcoma negative in tbc 
wake and r a c k s  a minimum just aft of tbc trailing edge. 

F i y ,  the capabilities of the praent Eukr method to 
solve the inviscid threadimcnsional transonic or supersonic 
flow over wings and wing-body combinations arc shown in 
Fig. 9 for the DFVLR-F4 wing-body transport configuration. 
This configuration reprcscnb a Transonic Action Group wing 
design and was chosen to be a standard t a t  case within thc 
European GARTEur AGOI. Since the three-dimcluional 
wing-body code is operating fully in core, we arc prcreatly 
limited on the 1BM 3031 to 80 x 16 x 16 volumes. Thc Eukr 
solution was obtained using a finite-volume full-potential 
(WE) SLOR solution in the same mesh as the initial solution. 
Thc FPE-solution was converged up to  a residual of 
Tbc Eula solution did converge after 300 cyda with 
CFL, -2.8, and f u n k  800 cycles did not change the solution 
any more. It is interesting to note that in the same mesh the 
Eukr &tion can resolve details better since velocities and 
pressures are direct variables while in the potential solution 
the vdocilier and ergo pressure result from numerical dif- 
fercnti?liw. In comparison with the experimental data, both 
the FPE and the Eulcr solution scan to nttd a correction in 
Mach number to match the experimental data on the lower 
surface. The upper surface, however, is in much better 
agreement for the E u k  solution and would even improve 
w i n g  m the cxpccred Mach number correction. The dif- 
fercrcnccr h v c  not ktn explored compkely yet, but they seem 
to be mainly due to the better Kutta and wake treatment in the 
Eukr solution. 

The objectives of the p r c n t  paper were to develop an 
efficient and accurate Eukr solver to compute transonic and 
supersonic flow w e r  two- and threedimensional con- 
figurations. Since the same mesha were uwd in the Euler 
solver as for wcll-cslablished finitevolume full-potential 
solvers. the main differences between Eukr and fully con- 
servative FPE solutions could be demonstrated. The most 
important information has been that Euler solvers do not 
need any explicit Kuttil condition to be unique tn either two- 
OF three-dimensional flow. Even on smooth surfaces 
sc~aration can occur in inviscid com~rfiriblc flow caused by 
total prosure loss and vorticity due to a shock 

help explain the a priori uncxpcctsJ diffrrrnco brtussn 
lifting Eukr and full-pokntial slutions. For viscous f l o ~  the 
Eukr equations solver has b a n  ruccessfully coupled with an 
invase boundary-layer metbod. In comparison with ex- 
pcrimrntal data, the wind tunnel corrections in Mach number 
and wgle of attack as suggested by users of full-potential 
r o l v a ~ ' ~  do not result in total agreement if the Eulcr 
equations are k g  wlved. High quality interference free 
apaimcnta l  data are needed m verify methods like the 
present one in detail. Unfortunatdy such data arc evidcntly 
not available. 

Computer t imu of the praent Eulcr wlver arc 1 ms/vol. 
and cyck on the IBM 4341 computer. Corresponding times on 
the CRAY-1 computer arc 0.01 ms. The CYBER 203 requires 
more than twice that time. 
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