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A procedure for the computation of transonic steady and unsteady flow around helicopter rotors 
ls presented. 
The algorlthm is based on the Euler equations and allows the computatlon of anisotropic 
rotatlonal flow and thus an lmplicitly accurate calculation of shocks. In addition the capturing 
of the rotor wake and the tip vortex is provided for arbitrary tip shapes. 
The code for the computatlon of steady, fully 3-D rotor flow is derived from the EUFLEX 
procedure orlginated by A. Eberle, that has successfully been applied to a lot of fixed wlng 
configuratlons up to now. A flnlte-volume scheme based on the method of characteristic flux 
averaging solves the Euler equatlons formulated ln the conservatlon form. 
The discretizatlon of the flow fleld ls carried out ln two different manners concerning the grid 
topology and the slze of the physical domain. Calculations are presented for a non-lifting case 
and for a helicopter rotor in hover. The comparlsons of the method ln lts present stage show good 
agreement with experimental data. 

1. Jlf'I'R(I)OC'J'l(lf 

For some years Euler methods have proved thelr efflciency ln lnnumerable appllcations mostly to 
flxed wlngs or even to complete alrcraft configurations. 
Recently, several sclentlsts are now engaged in applying the Euler equations to the complex case 
of rotational flow as it appears for instance in helicopter flight. 
Before that, a lot of solution algorithms based on lifting surface, small pertubation [1-5) or full 
potential theory [6-16J have widely been used and still are, since they are much fast er and require 
less storage than Euler methods. 
Nowadays as the computatlonal capacitles, both in storage and speed, have reaehed a higher 
level, the demands have inereased, too. 
The Euler equations, although more expensive, provide the advantages of being able to treat 
anisotropie and rotational floll and admlt vortieal solutions. This is essential for a eorreet 
prediction of transonie shocks and trailing vorticity, IIhieh are implicit parts of Euler 
solutions. Thus, unlike potential flow equations, Euler equations on prineiple allow the transport 
of vorticity, rollup of the wake following the blade, conveetion of the tip vortex past the blade 
and herewith eonsideration of bl ade vortex interactions, all of them belng main characteristies of 
a helicopter rotor flowfield. 

However, the applieations of different Euler codes to this problem show, that there are several 
limitations assoeiated for example with the capturing of the tip vortex at smooth bl ade tips [20J, 
the geometry of the rotor wake or the convection of the tip vortex [17-23J. For this reason, more 
or less aecurate wake models based on low order theory have to be coupled with the Euler codes in 
order to prov1de wake geometry, tip vortex 10cat10n and induced veloc1ties to be 1ntroduced into 
the solution process via effective angle of attack reduction [20,22,23J, veloclty splitting [17,19J 
and so on. 
Reasons for these limltalions are found w1thin the numerical foraulation of the Euler solvers. 
Especially the false diffusion of the tip vortex ls due to artlflcial viseosity involved in some 
algorithms on one hand and to truneation errors on the other hand. 

At least the flrst problem ls alleviated by the use of the finlte-volume EUFLEX code of A. Eberle 
[24], whleh 1I0rks wlthout art1f1cial v1scoslty terms and appl1es higher order dlfferenelng. The 
problem of truneatlon errors wlll beeome less Bevere, if Bome substantial gr1d reflnements were made 
in those regions, where the vortex path iB presumed. This should be possible in vlew of the eapac1ty 
of today's supereomputers. 

The present paper deseribes the initial stage of lnvest1gat10ns, IIhether and to whlch degree of 
accuracy 1t ls possible to pred1ct all effects refering to the rotor lIake w1thout using any wake 
model. 
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Tvo parallel vays are persued, differing in the use of the body eonforaing grid around the blade. 
The f1rst k1nd of diseret1zat10n covers the vhole rotor flov field, coapletely enclosing the rotor 
diak and the vake, vhich 18 eontained untll it leaves through the lover boundary in ax1al 
d1rection. The topology 1s of type 0-0, vh1ch provides extre.ely good resolutions at tra1l1ng and 
lead1ng edges as vell as at the blade tip, coapared vith the total of cells needed. The .. 1n 
dravback is that the further the tip vortex convects past the blade, the greater the gr1d cells 
beco.e, vh1ch 1s very disadvantageous s1nce 1t causes vortex diffus10n. 

The second type of gr1d, hav1ng an H-topology, only covers the outer reg10n of the rotor blade. 
This has the advantage that the grid f1neness at the 10cat10n vhere the tip vortex 1s eaptured, 1s 
s1mllar to that one at the dO\lllBtream boundary. The require.ent of a lot of gr1d cells also at 
places vhere 1t 1s uneff1cient, can be coapensated by covering only the .ast 1aportant part of the 
flov f1eld reg10n. 

Calculat10ns are presented for tvo tvo-bladed rotors under non-lift1ng as vell as under hover 
cond1t10ns. One is full s1ze v1th a rea11st1e aspect ratio of 15 and the other one is a model rotor 
v1th an aspect rat10 of 6. The collective p1tch angles and tip Mach numbers are varied. The results 
of the second rotor are compared vith the experi.ental data of Caradonna and Tung [26]. 

2. OOYEIUUJIi tlJUATIaIS 

Due to the character of rotat1ng flov, a blade-attached cy11ndrical coordinate system, rotat1ng 
vith the constant angular veloc1ty ~ 1s chosen (Fig. 1). 
Within th1s reference frame, the flov f1eld of a hover1ng rotor can be treated as steady, but due 
to the rotation of the reference frame add1tional forces, the centr1fugal and the Cor1011s' 
forces, have to be taken 1nto account. 
Thus the Euler equat10ns ean be vritten 1n d1fferent1al conservat10n form: 
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1s the vector of the relative veloc1ty v1th respect to the blade
f1xed coord1nate system, vith u be1ng the c1rcular, v the spanv1ae 
and v the vert1cal veloc1ty component, 

.. I~o 1 w" -w 1s the undisturbed angular flov veloc1ty, 

.. ... ... ... 
q=q-wxr I~l 1:1 

is the vector of the d1sturbanee veloc1ty, 
vh1ch can also be ealled the absolute 
veloc1ty, 

P q2 
e K-1 + P Z- 1s the total energy per unit volume, 

q2 
P " (K-1)(e - p Z- 1s the static pressure, 

H " 1s the total enthalpy per un1t aus. 

S1nce a blade-f1xed reference frame 1s used the usual transfonaat10n 1nto curv1l1nar coordinates 
has to be done, vh1ch 1s descr1bed in deta1l 1n [19,21,25]. 
It vas atteapted to use the absolute 1nstead of the relat1ve velocit1es. Then the f1rst .a.entua 
equat10n of Eq. (1) has to be replaced by: 
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It vas found that lt doesn't aake any slgnlflcant dlfference, whether one uses the absolute or 
the relatlve veloeitles in the differentlai formulatlon of the Euler equatlons. 

Hovever, lt ls of declslve lsportance that all quantltles used for extrapolatlon or lnterpolatlon 
vlthln the numerlcal procedure do not contaln any dependency on the freestreaa veloclty U. ~ Or. 
Thls fact concerns the veloclty es vell es the total energy. Details are descrlbed ln sectlon 4. 

3. GRID snux::tIJRtS 

The body-fltted grlda used in the present paper are deterlllned by an lterative solution of 
Polsson's equat1on, ln vhlch the source tenlS on the rlght-hand-B1de are evaluated by sohlng 
Laplace's equatlons [25]. Thus we have three uncoupled fourth order equatlons for the three spa
tlal dlrectlons: 

Xee + X.,., + Xr;r; p 

Yee + Y"'l + Yr;r; Q 

Zee + Z'l'l + Zr;r; R 

Pee + P'l'l + Pr;r; 0 
Ott + ~'l + Or;r; 0 
Rtt + + Rr;r; 0 '1'1 

In addltlon to thls systell, vhlch provldes to a hlgh degree a very hOllOgeneous dlstrlbutlon of 
grld llnes, several mechanlsllS are envolved, used to manlpulate thls dlstrlbutlon ln an advanta
geous vay. 
For example, lt ls posslble to attract an arbltrary number of grld 11nes to the body's surface ln 
order to have a flner resolutlon there, or to Ilake the grldllnes leave the surface under a speclflC 
angle. 

Accordlng to the tvo varlous methoda that are applled to dlscretlzlse the physlcal domaln around 
the rotor blade(sl, the grld topologles used are dlfferent. 
In the flrst case the physlcal dOllaln dlscretlzlsed has the shape of a cyllnder, contalnlng the 
complete rotor dlsk as well as the heUcal wake <Type 11. Due to s}'llllDetry effects, the use of 
only one cyllnder half ls &ufflclent when conslderlng a tvo-bladed rotor in hover. Thls requires a 
perlodlcal boundary condltlon for the flow values at the plane of s}'llllDetry (Flg. 21. The grld 
generated has an 0-0 topology, whlch provldes a good resolutlon at the leading and tralllng edge 
as weIl as at the tlp reglon. Due to thls advantages lt ls posslble to have a relatlvely low total 
number of grld cells ln splte of the large physlcal reglon to be covered and therefore, some 
"reserve" for grld reUne_nt or grld embeddlng ls left. 
The results presented were obtalned on a grld wlth a total of only 59 x 34 x 17 cells (59 cells 
around the profile, 34 on the blade surface ln spanwlse dlrectlon and 17 cells normal to the 
bladel. The overall grld slze for the full scale rotor ls 20 chords in radlai dlrectlon and the 
same from top to bottOll, IIhereas an extenslon of 12· 16 chords is chosen for the aodel rotor. 
Thls rat her coarse grld lias orlg1nally planned to be used only for prelilllnary lnvestigatlons to 
get prlnclple lnforastlons how the Euler code vorks, but soon proved to provlde relatlvely good 
global results as can be seen ln sectlon 5. 
Nevertheless, ln future vork, the number of grld cells especlally around and normal to the profile 
wl11 be lncreased and some klnd of grld reUnement vlll be lmplemented ln order to lmprove 
accuracy, ln partlcular concernlng the convectlon of the tlp vortex. 

In the second case, lntendlng to reduce the computatlonal expense, not the complete rotor blade, 
but only its tlp region 1& enclosed by the grld, starting at about 50-80 percent of the radius, 
dependlng on the blade's aspect ratl0 (Fig. 3a, Type IIal. 
In order to have the abllity to account for the lnfluence of the tip vortex on the fo110111ng 
blade, the boundarles up- and dOllßstrealll of the blade are coplanar. For thi& reason an H-type 
topology has been chosen, whlch ln addition has nearly the same spat1al resolution elong the 
expected tlp vortex path, IIhich ls very advantageous as v1ll be sholln ln thls paper. The 
dlsadvantage of the H-grld ls that lt requlres a greater total number of grld cells to achieve the 
same resolutlon ln the blade's vlclnlty as an O-grld. 

Flg. 3b shollS another varlatlon of the H-grid used, havlng a cuboldal lnstead of a bended shape 
(Type IIbl. 
In thls case, the used carteslan coordlnate system ls not rotatlng but .aves translatorically. The 
freestream veloclty dlstributlon ls silllulated by a &hear floll and no additional forces appear. 
Beslde th1s, the Euler code elllployed ls nearly the same as that used for fixed v1ng appllcations. 
Thls proceedlng ls also used for 1nstance by H. Stahl [27]. 
The total of grld cells for the H-grlds ls 64 cells in streamvise, 2S cells in spanvlse end 30 
cells 1n norasl d1rectlon. The overall slze ls 6 chorda (respectlvely 7 for the model rotorl 1n 
radlai, 9 chords 1n flow and 8 chorda ln norllal dlrect10n. 

It ls reaarkable that for the global results of nearly the same quallty, the total number of 
cells as a result of the H-structure ls hlgher than for the o-o-grld, although the covered 
phys1cal domain ls conslderably smaller. 
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Tbe Euler code used for the results preaented 1s based on the E1JF'LEX code of A. Eberle of IIBB. 
Details of th1s prograa are not spec1f1ed 1n th1s paper, s1nce they Are deser1bed 1n an extens1ve 
aanner 1n (24J. 

For a general overv1e\l only so ... bas1c features shall br1efly be Jlentioned: The solut10n allO
rUhm 1s a f1n1te-voll_ method \11th the flo\l quantities refer1ng to the cells' center. The time 
1ntegrat10n 1s perforJled as a one-step scheme, s1nce for the present time only steady solut10ns 
are of 1nterest, \lhile the spatial differences are th1rd or even h1gher order aecurate. In order 
to have a hyperbol1c systes everyvhere throughout the flovf1eld, the unsteady foraulations of the 
Euler equations 18 chosen, even 1f only the steady solut1on 18 to be obtained. The code 18 yet 
fuHy expl1c1t prov1d1ng a good degree of vector1zation. Loeal t1me stepp1ng as I/ell as d1aens10nal 
flux splitting 18 used. In order to av01d the d1aadvantages of other 1/1dely used Euler solven, 
that need artif1c1al v1scos1ty tel"llS to aake the sehe ... stable and to prevent osc1llations, the 
present code wes use of a method of as)'llJDetr1e flux averag1ng onto the eell faees, that 1s based 
on the ... thod of charaeter1st1e8 and depends on the a1gn of the loeal e1genvalues. 

To adJust th1s code to the requ1re ... nh of the rotational flol/ of a hover1ng rotor, a lot of 
\lork had to be done 1n detail. HO\lever, only one aaJor feature shall be aentioned, s1nee 1t has 
proved to be very essential: Due to the aethods of eharaeter1St1e flux averag1ng, the flux quant1-
ties on the cell faees are ealeulated by us1ng 1nterpolation or extrapolation sehe ... s. These opera
t10ns aay only be done \11th quant1t1e8 that are 1ndependent of the freestrea. veloe1ty U. • Ilr. 
Tb1s concerns the c1rcular coaponent of the relative veloc1ty ~ as vell as the total energy e, I/h1eh 
contains qZ. 

Tbus, t\lO add1t10nal quant1t1es have to be 1ntroduced: 

ü u - er (c1rcular component of the absolute veloe1ty) 

e = e - pIz er (2ü + er) (roenergy) 

\lh1ch are used 1nstead of u and e to carry out the charaeter18tie flux averag1ng. 
After d01ng th1s, the local value of er at the exact phys1cal loeation of the eons1dered eell face 
1s added to obtain the des1red flux quantit1es. All the ..... the formulation of the Euler 
equations 1n tel"llS of the relative flo\l values 1s reta1ned, s1nee th1s 1s IIOre su1table for the 
solut10n algor1thm der1ved fro. the method of character1at1cs. 

In contrast to the or1g1nal Euler code, 1n the present aethod the geometr1e .. pp1ng determ1nant 
has to be calculated, 81nce the r1ght-hand-81de 1s not equal to zero. Th1s 1s fulf1lled by 
d1v1d1ng the cons1dered cell 1nto f1ve tetrahedra, \lhose volumes are deterained by the method 
descr1bed 1n [22J. 

s. IlESULTS 

Tbe results that are preaented 1n th1s paper I/ere obta1ned for a full a1ze rotor l/1th an upect 
rat10 of 1S and for the model rotor of Caradonna and Tung [26], that 1s cOllllOnly used by .. ny 
authors to compare the1r results l/1th rel1able exper1aental data. The blades are all/ays untapered 
and unt\l1sted and a NACA 0012 a1rf011 18 used. 

F1g. 4 shollS the results of the full siZe rotor at a t1p Mach number of 0.85. S1nee no exper1-
mental data are ava1lable, only a qual1tat1ve d1scuss10n of the resulta 1s poss1ble. 
Tbe f1rst rOI/ of F1g. 4 shollS the 1somachs and the pressure d1str1but10n for the hover1ng rotor 
at a collect1ve p1tch angle of 5·. The pressure coeffic1ent cpa 1s related to the dynu1c prenure 
at son1c speed. Beneath the. the correspond1ng 80lut10ns for oc = O· are plotted. 
Both calculat10ns \lere perfor ... d on the gr1d I (0-0 type, 59 x 34 x 17 cells), 80 that, by aeans 
of the per10d1cal boundary cond1tion, the blade vortex 1nteraction could be taken 1nto account for 
the hover1ng case. Details of the tip vortex propagation are descr1bed 1n the next section. 

Tbe tl/O 10l/er pa1rs of figures shol/ the results of the calculations of the non-l1ft1ng cale 
us1ng the suller gr1d Il (H-type 64 x 25 x 30 cells). Only the outer 20 percent of the rotor 
blade are embedded and a f1rst order boundary cond1t10n 1s appl1ed at the 1nner boundary, I/here 
the flo\l var1ables ere extrapolated l1nearly, except the spanl/1se veloc1ty component Y, 1nstead of 
\lh1ch q2 1s taken It can be seen that the usage of the cubo1dal gr1d (lIb) I/lth a she~red 
freestreu veloc1ty profile prov1des nearly the aase results as the bended grld CI a). 

A coapar1son \11th the solut10n obta1ned l/1th the 0-0 gr1d also shollS good agreeaent. Note that 
due to the d1fferent parts of the rotor blade covered by the ... shes, d1fferent scale facton 1n 

span\l1se d1rect10n are used for the plots. 
In add1tion to the blade er .. 1tself, the character of the iBo.achs 1n the BurrOU~~lng ~~:~~e ~; 

d1splayed 1n the 10\ler f1gures, \lhere the reg10n of h1gh veloc1ty due to e e 
d1splaceaent can be seen to expand beyond the blade t1p. 

U l1k the prevloUS cue a quantitative 
Tbe subsequent calculatlons vere done on the model rotor. n e F' 5 + b) 

compar1son 1/1th exper1mental data at d1fferent rad1al seet10ns 1s nOI/ posslble (lg. a . 

d 11 tive pitch angle of 5· 18 chosen. 
For the first example a t1p Mach number of 0.815 an a co ec hl h nol/ 1n 

Tbe upper rO\l of F1g. '58 shollS the d1str1but10n of the pressure coefflclent cp 1/ c , 
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contrut to cpa ' ls refered to the dynaalc pressure of the undlsturbed flov at the respecUve 
local radlaI staUon. Taklng Into account that no boundary layer effecU, whlch are of great 
Influence espec1aUy In the nose and the shock reglon, can be consldered by an Invlscld w.thod, 
the results shov a very good agreellent vith the IleBBUreJDents, although no vake IIOdel at aJ J 1s 
added. The Influence of the blade vortex Interactlon was Introduced only vla the perlodlcal bourr 
darr condltlon and ls an l~llclt part of the Euler solutlon. Grld I vas used for the calculatlons. 

The great l~rtance of the capabl1lty to Involve the blade vortex Interactlon can be realJzed 
by dravlng a co~are to the curves In the lower rov. In thls CBBe, an ls01ated rotor blade 1I8S 
Investlgated. The conslderable devlatlons, 1.e. the overpredlctlon of the lov-pressure dlstrlbutlon 
at the upper wlde and the underpredlctlon on the lover slde and herewlth the over-predlctlon of 
the local 11ft coefflclent, could be BBsumed thls V8Y, slnce It ls knovn, that the trall1ng vake 
of the advanclng rotor blade decreBBes the effectlve angle of attack. The computatlons were done 
vlth the grld IIb as vell as vlth grld I by replaclng the perlodlcal boundary condltlon, but only 
the results of grld IIb are shovn slnce they are qulte slallar. 

Tvo further coablnatlons of tlp Hach nuabers and collectlve pltch angles are dlsplayed In Flg. 
Sb, both belng calculated vlth grld I. 
The upper rov contalns the results of Htlp = 0.439 and Bc = 8', vhlle the 101ler rov WBB obtalned 
for HtlP • 0.520 and Bc = 0'. 
Eapeclally the flrst case vas calculated by several authors, too (e.g. [17,28]'. An Interestlng 
Inveatlgatlon VBB done by Roberts and Huraan In [17], vho Inqulred the varlatlon of the results 
vhen employlng more or leas sl.pl1Hed stages of the1r wake model. A comparlson show that the 
quallty of the1r results obta1ned v1th the1r full vake model 1s at least reached by the 1mpl1c1t 
JDethod presented 1n thls paper. 

In the aeant1ae, alao a verslon of grld IIa has been generated for the appllcatlon of perlodlcal 
boundary condltlons at the up- and dovnstream boundary. It. angle of aperture 1s 90', correspondlng 
to a four-bladed rotor. The f1rst result. are expected In the near future. 

One syste.atlc devlatlon can be observed In the result. obtalned by grld I: In the nose reglon 
the value of the suctlon peak as weIl BB the rate of pressure decreBBe are not predlcted correctly. 
80th effect. hOllever can be dlalnlshed by IncreBBlng the nuaber of JDesh po1nts In thls reglon. 

In the same aanner BB done In Flg. 4, the results of the model rotor at Ht lp = 0.815 and Bc = S' 
are qualltatlvely represented In Flg. 6. The span- and chordvlae varlatlon of cpa ls shovn. Agaln, 
the .cale of the curves achleved vlth grld 11 ls extended along the spanvlse dlrectlon because the 
Innermost spanvlse statlon ls located at about 48 percent of the blade radlus. The boundary 
condltlon at th1s plane ls the same 11near extrapolatlon JDent10ned above. 
The Influence of the blade vortex InteracUon, already dealt \lith In Flg. Sa, can be seen IIOre 
globaUy comparlng the four top Hgures. The sucUon peak reaches a hlgher level and the 101l 
pressure reg10ns sholl a greater extens10n in span\lise direction, lIhereas In chord dlrection the 
extenslons do not dlffer. 

Very good agreement is achleved betveen the calculatlons of the isolated rotor blade uslng grid 
land grld IIb. The only differences are found in the shock reg10n, vhere grld IIb provldes a smal
ler shock. Reasons for thls are not yet clear. In connectlon to that the typical overshootlng behlnd 
the shock vave, often observed at invlscid procedures, does not appear In the results of grld I. 

6. TIP van'EI CXIIVIrJ"Iat 

One important questlon ls, \lhether an Euler code is able to correctly predlct effects dependlng 
on the tralllng vake of the advanclng rotor blade vlthout any addltlonal model. 
Tvo aaln reasons are knovn to cause severe dlfflcultles, the addltlonal artlflclal vlscoslty terms 
1nvolved 1n SOIM! solutlon algor1thas on one hand and the truncat10n errors due to coarse gr1d 
reg10ns on the other hand. S1nce the EUFLEX code makes no use of artlf1c1al v1scos1ty terms, the 
f1rat main problem ls allevlated. 
The alteratlon of the tip vortex structure when convecUng along Its path through partly very 
coarse grld reg10ns 1a demonstrated In F1g. 7. When v1ev1ng the f1gures, 1t aust be cons1dered, 
that for reaaons of perceptlb111ty the chosen scope as \lell as the Reale factor for the veloclty 
vectors had to be Increased at a certa1n dlstance avay from the blade. 45' and all the IIOre 90' 
behlnd the blade, the vortex has d1ffused and has lost Its 1ntens1ty to a great BIIOunt, due to the 
fact, that the cell s1zes 1ncrease rap1dly. 
However, vhen approachlng the blade, the vortex regalns 1ts f1ner structure, and even the hellcal 
deacendence of the co re can be observed. 
Up to lIh1ch degree the geometry of th1s vortex, when strlklng the blade, represents the physlcal 
reallty 1s subject to further Invest1gatlons. 

The dlsadvantage of vortex dlffuslon due to gr1d coarseness ls dlmlnlshed \lhen uslng the H-grld 
(Flg. 8'. 
Although the nuaber of meshpolnta vlthln the frames reduces a 11ttle, the vortex dlameter as weIl 
as the clrcular veloclty co.ponents do not change slgnlflcantly. Note that thls tlme the frameslze 
and the scale factor could be kept constant. 

Flg. 9 shovs the creatlon of the obV10usly weak Inner vortex, that can only be captured, If an 
all enclos1ng gr1d 1s chosen. 
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The .dJuatilent of • fln1te-vollme Euler code. \lell proved for f1xed \l1ng .ppl1e.Uons. to 
hel1eopter flo\l fleIds has been preaented. The Euler equ.Uons .re formul.ted 1n terJIIII of the 
rel.tive flo\l v.riablea \lith reapeet to • rot.ting bl.de-.tt.ched coordinate syatem. 
The fundament.l extension ia the exclusive use of freestream 1ndependent flo\l v.riables \lithln 
the numer1cal procedurea \lhen the ch.r.cteristic flux averaging 1a performed. 
For the \I.y of di.cret1z1.ing the physic.l doaa1n. tvo generally different ph110sophies have been 
.pp11ed. enclo.ing either the \lhole rotor d1sk or only a segment of 1t .round the bl ade tip region. 
Reaulta h.ve been pre.ented. providing very good agreements to exper1ment.l dat.. This fact .ho\lS 
the e.pab111ty of the Euler .olver to treat \lake effects \lithout need1ng any add1tional \lake .adel. 
HO\lever •• lot of improvementa have to be done concerning gr1d ref1nement. 1n regions of h1gh flo\l 
gr.dient. as \leII.. along the asalmed vortex path. the extension of the grid beneath the rotor 
di.k to e.pture aare cycles of the helical \lake .nd the 1ntroduct10n of character1.tic boundary 
eonditions. based on the Rieaann invariants for one-dimension.l flo\l normal to the boundary. 
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Fig.l: Blade-fitted coordinate system Fig.2: Crid type I: 0-0 topology, 59 x 34 x 17 cella 

(Figure of the full size rotor with AR - 15) 

Fig.3a: Grid type IIa: H-topology, bended 

shape, 64 x 25 x 30 cella 

Fig.3b: Grid type IIb: H-topology, cuboldal 

ahape, 64 x 25 x 30 cells 
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Fig.4: Mach number and pressure distribution of a ful1 size rotor with aspect 

ratio 15 and tip Mach number 0.85 



c.
 

Co
 

,I
R

 
0 

se
o 

, 
IR

 
• 

0 
~
o
o
 

t
~

· 
. 

" 
. ..•

 _-
-.-

: .
..

..
..

..
 . 

i I 

Co
 

'
/
~
 

I 
.... 

: ..
.. -

....
. . 

.. 
. 

I,'
 

",
 

i 

Co
 

'!
 

II
.lC

 

l..
 

X
/C

 

./. 
o 

so
o 

r 
I 

R
 

0 
68

0 

r
>
~
 

( '"
",

 
. -

-.
. 

-. 
..

..
 :
~
~
~
 . 

Co
 

Ca
 

XI
C 

L 
l/

C
 

r
/l

 
• 

0 
eo

o 
.. 
,.

 
• 

0 
89

0 

'r
-"

, 
Co

 
:.

 

.. :.
 

. 
I···· .. ·· ..

 ··
~
 

.
.
.
 ~
 

f 

"
'
~
;
}
~
 

f~
 

r 

., 
XI

' 
.. 

l 
J 

X
IC

 

v
o

r t
ex

 

U
pp

or
 

S
ld

o
 

L
o

v
o

r 
S

ld
o

 

ro
to

r 
b

la
d

e 

( 
r 
f
I
 

• 
0 

eo
o 

"
IR

 
• 

0 
89

0 

,
.
-
-
.
.
~
 .. 

~\
 

.
.
.
.
 

Co
 

( 
••

••
••

 :
~
.
 Co 

(
.
 >

 ... :.:_
 .... 

. .
.
 :.: 

..
..

. :.
~..

...
...

.. 
, 

.
:
,
' 

_ ..
....

 '" 
, 

. 

XI
' 

X
/t

 

d
l 

• 
0 

96
0 

·C·
;,.··

.. 
. 
~
 

.. ,. I1
 

I: F
 

tx
.,

.r
l •

• n
t 

n
..

o
ry

 

" 

,/
R

 
• 

0 
96

0 

.' 
( 

~"~'V
::"""

'" 

.. 
" 

X
/C

 

X
/t

 

F
ig

.5
a:

 
P

re
ss

u
re

 
d

is
tr

ib
u

ti
o

n
 f

o
r 

th
e 

m
od

el
 

ro
to

r 
o

f 
R

ef
.3

 
(A

R
 

-
6

, 
NA

CA
 

00
12

 
a
ir

fo
i1

),
 

H
ti

p
 -

0
.8

1
5

, 
S

c 
-

5
°.

 
C

om
pa

ri
so

n 
o

f 

ca
1

cu
1

at
io

n
s 

w
it

h
 

(u
p

p
er

 
ro

w
) 

an
d 

w
it

h
o

u
t 

b1
ad

e 
v

o
rt

ex
 i

n
te

ra
c
ti

o
n

 
(l

o
w

er
 r

ow
).

 

!I
I 

C
 S
 

~.
 

~ c.
 l ~.
 ~ .. f .... 0

0
 .... 



c.. 

,
/
~
 

• 
0 

5
0

0
 

,I.
 

• 
0

.6
8

0
 

,I
. 

• 
0 

8
0

0
 

,1
1

 
• 

0
.8

9
0

 
./

1
 

• 
0

.9
6

0
 

o
'
l
~
 

I .
~
 ..

 
.... ~

_ .
. ~
 

. 

:.
 

c.. 
Co

 

.. 
c.

 

.I/, 
~
 

~
/
"
"
"
-
"
"
~
 

. ' 
.' 

~
 

1
/1

; 
u 

XI
C 

..
 

1
/1

; 
.. ~
 

I/
C

 
.. 

"
'p

e
rl

_
n

t 
n

..
o

ry
 

U
p

p
e.

 S
ld

. 
K

 

L
ov

er
 S

ld
. 

H
ti

p
 -

0
.5

2
 

ee
 -

0
° 

( 
,
/
~
 

• 
0 

SO
O

 
.
/
~
 

• 
0 

6
8

0
 

,I
. 

• 
o.

 eo
o 

". 
• 

0 
8

9
0

 
./

1
 

• 
0 

9
6

0
 

Co
 

c.
 

c.
 

c.
 

'
I
~
 
,
,
~
 
"r-

-, 
"
~
 
"r
·~
 

.. 
X

lC
 

I/
C

 
X

lC
 

.. 
1

/1
; 

.. 
II

C
 

F
ig

.5
b

: 
Sa

m
e 

m
od

el
 

ro
to

r 
a
t 

d
if

fe
re

n
t 

ti
p

 H
ac

h 
nu

m
be

rs
 

an
d

 c
o

ll
e
c
ti

v
e
 p

it
c
h

 a
n

g
le

s.
 

B
ov

er
 c

as
e 

(l
o

w
er

 r
ow

) 
c
a
lc

u
la

te
d

 w
it

b
 

b
la

d
e 

v
o

rt
e
x

 i
n

te
ra

c
tl

o
n

. 
C

om
pa

ri
so

n 
w

it
h

 e
x

p
er

im
en

ta
l 

d
a
ta

 o
f 

R
ef

. 
3

. 

~ p
i f ~
 !!-



1.._..." ........ -,---
. , 
'.1 

.. , 
0.& 

. , 

101_=,.,...,.-= __ 

0.' 

0.' 

o. , 

0.1 

Subsonie and transonie rotor lIow 

'RESSURE eOEn. -ePA 
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Blade vortex interaction considered, grid type I 
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Fig.6: Qualtitative repreBentation of the surface pressure distribution and the 

Isobars for the test case of Fig.5a (Htlp - 0.815, 9c - 50). 
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CompariBon of the reBu1ts obtalned vith ind vithout blade vortex interaction. 
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Fig.8: Tlp vortex convectlon (grld type IIb, 64 x 25 x 30 cells) 
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