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Mr. R. Dvolak

Limits of Transonic Flow Calculations Through Cascades

At present numerous methods for transonic flow calculations are available. Especially in the aero-
nautical field there exists a great number of very sophisticated and elaborate methods. Most of them,

however, have never been usęd in turbomachinery, as for various reasons, - they have not fully satisfied
the designers.

On the other hand, with the effort invested into aerodynamics so far and with the backgrouod
of sufficiently big computers ready to solve almost everything, we are really facing a problem who is to
be blamed for this situation.

As a theoretical aerodynamist \łho has worked for many years in close cooperation with industry,
I should look for the answer in the rudimentary and inadequate philosophy of transonic flow in casca-
des. The common approach is stil] that of an aircraft aęrodynamist, neglecting thus the §pęcific features
ofvarious phęnomena, as, e.g., flow separation, shock wave and boundary layer interaction, etc.

As there is no time for giving detailed reasons for this opinion, I wotrld just mention a few examples
to initiate the discussion.

Fig. 1

Thoughwehave nowthe 70thanniversaryof boundary layer theory, most of it was directred towards
single slightly curved and slęnder airfoils or bodies and we still badly need to revise the results from
th€ turbomachinery point of view. This general experience becomes even more pronounced in the tran-
§onic field, where the boundary layer displacement effect not only quantitatively, but also qualitatively
affects the whóle flow fiętd and is responsible for the most important limitations of all transonic flow
calculation methods. Perhaps, the examples in the following few figures may support this opinion.

Fig. 1 shows an interferrogramme of one of the tip sections of the last stage turbine blading. The
outlet Mach number is about 1.4 and the incidence about - 20 degrees. The displacement effect of
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the large leading edge seParation bubble on the plesstlre side completely changed the flow pattern
and resulted also in an inversion of the aerodynamic force on the profile. Due tolhis effect a *n"un"
surface turned into a'convex one with a pronounced 1ocal supersonic region terminated by a shock
wave - unfortunatelY a verY unstablę one - which becarne a front shock to the neighbouring profile.
It is verY difficult to account for this effect in a tlansonic region by the usual iterative approach recom_
mended in current boundarY layer calculations, as qualitative changes in the flow pattern follow each
iterative step.

The next figure (Fig. 2) with the same cąscade at a slightly lower Mach number, is instructive yet
for another reason, The strong leading edge separation at negative incidences always develops in separa-
tion bubbles which become closed by the constructive effect of the sonic throat.
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In lozzle cascades the same holds true due to greater solidity also for positive incidences. This
is quite a general experience that in transonic cascades the leading edge separation does not necessarily

result in the same kind of unwanted phenomena to which it would lead with isolated. airfoilS. It alSO

means that we need not be afraid of thin blades, or thin leading edges, if followed by strong positive

pres§ure gradient§. The next two figures (see Fig. 3 and 4) are interferogrammes of thin nozzlę blades

at +20" incidence. The effect ofboth leading edge separation bubbles ceasęd down ęvęn before the sonic

throat and it can hardly be traced in the wake, a result which is fully supported bY measurements ofthe
loss coefficients.

My second example concerns caiculation methods, which are the final result of our considerations-

A detailed review of all these methods is given in [1] or may be obtained from papers,collected in [2],

Judging the calculation methods, we have to distinguish betweęn the direct and indirect Problems,
At present there are very powerful, reliable and even quite handy numerical methods for solving.

the direct problem. They have to be, especialiy at off-dęsign conditions, corrected bY emPirical data,

mostly to take viscous effects into consideration. Combining the numerical or analY'tical aPProach with

the empiricai or semiempiri cal data, new profiles can be obtained for almost any transonic .:clT:"
May I perhaps remind you of a similar procedure forisolated airfoils based mainlY on the British NPL
work, The same stage has not yet been reached in cascades. Works on the physical structure of the tran-

sonic flow in cascades are rare and their results have not been generalized so far tO an extent aPPlicable

to blade designing.
One attempt for applying the semiempirica1 methods was reported a few years ago by Fottner

|2,3].Ithas not fully accounted for the blade interference and for ihe actual structure o1 11r" 11ąlsonjc

flow in a cascadę (cf. papers presented by the present author and by Śafaiik at Kamienny Potok in
1973 to the XIth Fluid Mechanics Symposium) and for Mlż M.,1it ended up with unacceptable diffe-

rences (Fig. l4 in [3]).

on the other hand, if properly applied and based on an analysis of the transonic flow structure"

they may be very useful. Fig. 5 is an interferogramme of another tip section of the last turbine stage,

Without any detailed aualysis is may be deduced from the picture that there are two unwant€d pheno-

Fig. 4
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mena - the small suPersonic region with a terminal shock on the pressure side, and a kind of a lip shockon the suction side, The Pressure side of the b]ade is not very much influenced by the neighbouring air-foil so that the results from the analysis of the transonic flow structure on isolated airfoils can be applied.Having done that, we were able to modify the leading edge (while observing at the same time all othertechnological and structural requirements) so that both shocks disappeareJ (see Fig. 6). This resulted

Fig. 6
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inaconsiderableimprovementincascadeefficiency - thelossesdecreasedtoalmost 5O/"of ttre original
value.

The situation is not as optimistic in the indirect problem, nevertheless even here Some progress

has been made quite recently. In this case it is usual to start with a given (or properly chosen) distribu-
tion of pressure. The problem is to choose a §uitable one. It was Dr. Rriżićka and ŚpaĆek [4] who

first solved the variational problem of optimal pfe§sure distribution, defined as that leading to minimum
momentum thickness of the boundary layer on the suction surface. Beside these losses in transonic cas-

cades, it is often necessary to take into account also those due to shock waves and their interaction
with the boundary layer. To solve the optimal flow pattern in this complicated case, one has to use

modęrn methods of the optimization theory. Thęse methods, I believe, allow also for including all tech-

nological, structural, and geometrical constraints, which essentially means that the! form a link between

the theorbtical solution and what can be describęd as the designer's skill and experience. Of course,

thęrę is still a lot to be done before thęse methods become currently available.

After these few introductory remarks and examples, I think I have to return to our original question,

and before starting the discussion I might, perhaps, summatize my own opinion:
1. With the Óxisting possibilities and calculation methods a|ready available I should not see abso-

lute limits in the field of theoretical aerodynamics if the probiems and requirements of turbine designers
,are reasonably and well posed. I would feel problems rather in the 1evel of present understanding of the
physical nature ofthe flow, and in thę ability of both aerodynamists and turbine designers to appl! the
proper method.

2. However, the development of and materializing a new blading takes sęveral Year§ - PerhaPs
a whole decade - and we face another limitation here whether the problem can be solved in due time

by using a method comprising all up-to-date inlbrmation (aerodynamica1, structural, and technOlogiCal),

and cheap and rapid enough to be used even for all off-design regimes.

3. We can gain a lot of important and highly useful information from the purely analYtical or
numerical methods, howeVer restricted they may seem to be by the simplifying assumPtions - 9.8.,

correlations between geometrical parameters of transqnic cascades and their aerodynamic characteris-

tics. Nevertheless, I consider the semiempirical methods to be the most prospective ones. Of cóurse,

they must be based on a detailed analysis of the transorric flow structure. There is another imPortant
fact which cannot bę neglected. These methods are so far the only ones which can make full uSe of the

huge amount of very often excellent experimental results and the designers' skill and exPerience.

4. Itl solving the indirect probiem we shąll most probably draw information from the theorY of
optimal control of distributed palameter systems,
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Discussion

Chairman: I would 1ike to repeat the question: What are the limit§ of applicability of the theorY
of aerodynamics in turbine §tage designing and what causes these limits and is there anY chance to
improve our present design methods? ]

Mr. E. Somm (to Mr. F. Lehthaus): What is the actual §tate of your test§ with a cascadę rotating
blade which you arę making in your lrrstitute?
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, Mr, F, Lehthaus: For.the^last two Year§ in our insitute investigations of la§t §tage tip section cascadeswere started in a test facility for rotating circular .uscuo"._i um iÓIp"i.ńrrv involved in this job and,I am sorry, I cannot answór the questión o"óuur. l lack the ńal}lł;,'""
Prof, R, Puz5'rewski. (to łtr. A. Roeder): Because of the limits in theoretical knowledge of whatis going on in turbines is l't possible to_jump on* trr"."ńi-""Tuii"u"rtóu'tioo and construct a reliable,highly efficient and low pri-ce turbine?

Dr, A, Roeder: The comParison of the three-dimensional flow calculations and the measurementsbefund the last,stage showed us that if '" ,r." irr. -"asured flow angle as input data for the calculationwe could obtain the measured flow parameters like now aŃi;;;;*;;, etc. with good precision.From these mea§urements we learned that *" 
"Ó"n 

uppi;";its;"§,g;"Jijir" turt stage moving blade.We used the knowledge from experiments for beierdeffi"g Ói.".liri ,iage blades and for approvingour methods to calculate the outlet angle of u -oviog-tTuoe'";;";e;. 
-"" "'-

Prof,, J, Jerie: The task_of the Panel was to show the role of theoretical aerodynamics and we hearfrom dr, Roeder that it is the combination orlń"ory and experiments which brings good results. Theconclusion is that a close co-operation of theory u"a Ó.u"ii.Ó iŚ;ńfił;ilessary to get better results.

Dr, G, GYarmathY: In turbines there are problems related to stationary phenomena and to non-stationarY Phenomena. U,P.,lg tgq non-stationiry phenomena-hav;;;;b;." mentioned. I would liketo know what the aPPlicability limits are when non-itatlorra.y pń"nóń;;;;r" encountered?

Dr, R, Dvoiak: It dePends whal kind of unstationary phenomena you mean. There are some unsteadyeffects in the transonic ffow peculiar to the tńnśoni" fló;;d 
';;ó;li'ffiil;;;ii;iiil;:Hr1]..is also a certain kind of iŃtability whicrr iŚ-Oue to trre tóuiJarv-livói""o shock wave interactionbeYond the critical Mach number. Further theie are some unsteady effects which may be due to theinconvenient pressure distribution.

It is our exPerience that (e€.) a flat pressure distribution like that on laminar airfoils is very sensi_tive to un§teadY disturbanc* lłr" unstóady ełects are veryłighly pronounced there and, therefore,this is,no.t the best pre§sure distribution roi a iiuńoni" cascade.
We have not discusqed these Phenomena because of the lack of time. A few results are alreadyavailabie that can be used. in the dósign practici. i ug.." *iir, vÓ", nÓ*""|i, that if there are real gapsin our aerodynamic knowledge it is miińy in ńese unsteady pń""Óń""u. '

Mr. A. Smith: I would like to pose my first question to Dr, Roeder and the second to Dr. Dvoiak.
- Ył'qt is Your oPinion, Dr. Roider, or, 

"rr...nt 
methods Jestińutlń'io.r", in blading with extre-melY high tip to hub ratios, that is, in LP blading.with .ióóiila;;#ail'lraaientsr DŃ.;-;;;śia;.stream surface twist within the blade row§ to be-importani;;d^if ;";;ńt use are two-dimensionaltest results in such a situation?

I envisage that three-dimensional influences extend throughout the blade length in these circum_stances rather than be confined to the blade tip and roots becauie oi airro*".* i" iiai"i łi.óń"ig;^;;;L
f;flm*'*""'#'.T#,*drpressure 

surfaces aróng-;ań tlud;.'H;;y;';;;suggestions as to ńw ińis
There is another uncertaintY, Dr. Dvoiak, in the theoretical treatment of supersonic flows nearLp blade tips and nozzle roots. ćurrent metńooi of flow calculation are two-dimensional whereas infact the Problem is three-dimensional in a turtine. Uow ";;;;;ili"..tl*"t" supersonic performancein these circumstances?

Dr, A, Roeder: Let me trY to answer your first question. We compared theoretical values of the outietangle with measured ones. We tried to find out *t! tlr"." *u, u tig iiĘi.rr.-" t 
"t*""r, 

them somewhdreover the radius and we corrected our only two-diń,ensionallv cińńŃ ."tl"t 
"ogl"* 

br^;;;ili;iilwhich takes into account the influences oi u 
"Óń"urit."il ińiir;;;gil iiótuti"g blade. This correc_tion is not due to losses coming from vorticitiós Ó. r.om oÓ""d;y iń;;, the side walls. We nowaPPlY an emPirical correction to the theoretical values of_the fl-Ńii,gr.,'.. ia" not see any other way atthe moment of introducing losses directly to trlelrrree-ai*en*ió".ł-ńów Jculation. It comes to thesame if we introduce losses or if we correci the flow angles. And it is easie t tÓ- ipply;.;""iJii;; ;6i;;instead of introducing losses.

Dr, R, Dvoiak: You have asked me, in fact, two questions. The reason why I concentrate moreon two-dimensional Problems is, that, as an aerodynamist I would rń t. ień more about the physicalmechanism of the Processes occurring in transonió Ór supersonic flows. I think it is much easier to studythem in two-dimensional cases.
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Asfarasthecalculationmethodsforthree.dimensionalfloware.concernedtheonlyoneI!n9w

11i,Pj-"::i*r:[,*s:: :ii*i.łó;ilłlillr1,,: ̂ firffi$ §§f":i*ił;]l.!,i}łł:l'.1,jł§l!

ę$§ł$ifrilil*hpm*tł,*,,,.,*,,,;, 
ąT*ł§*:ff.t

-*#"'i' j'*"''"ęgi§jfrą1.1,if,;gĘ#ŁTĘ.6.3i§i6*,§j,H1łffi
we have restricted our ln,

facility for straight cascao

fust step is to examlne (

cannot be investigateo rn

sional flow, examinlng cascirug llvvy v,r vv___ 
s are concerned. The three_

Dr. R. Dvoiak:,The problem is not so dlT9ll, 
Ą.rlT ff"'*#,:"|,aTśl?§;a,ru tńe 1a,t stages,

Oi.#ri",iir Óffects'are much higher in the stator (

-*§-lłłł§ł,n*Ęi;,*ixl '#:-lŁtrfr*
twist also occurs in statc

;;il"Ht Óiit 
" 
n,* to the nozzle leading edges,

Mr. E. s"ge: Ę;.,fi,tł#,ili"s;xr:l"uP"1,-of 
Roeder and Teufelberger which has been

*tmfinmifiĘfim*ml'"m*mfi*ffi
t^}*'ft'"1i.|3iij"f5..§*,,T§'§xTii.'j*l"'ilJlil"'l§,f,:'::,.Tff,?§l."" 

"*...,..nts. 
up do now

Prof. J. Jerie: I.think, there is "tl9lĘ]",l,iil,r§;i,iTł!!§?:"Lt 1r,|;3tri,lł:r"llŁ,*:
r:xjłr:łrrm*m:*ęY"".TrTiT"ii llH;ii.;i;a flow patterns,riń-"i" *.y rew slgdje| of

;:,#il;tu;ąlnlfiiiii;"ópoin1 "r "ryĘ:JT!};ril,"qlrłiffi*lyl,,".**l-łi"l*,.ł*t:

r§ĘFJ*:tl1rl*$łt*

**eł§*rr*tt**§;ł*iłłl§
it"",łiiit.^"tical point of view is.not correct 

iiirć.Ji,vl.ross the prol
;'e"d#ffi'ff ihe^repartition of this turbuleil

H§tti'"lił}j"1.taĘjffi-'....uJfj:",,,*ł,*rr,.riiffj.,',:fl}:tio"ii!?i;[łj'. [ łfl":i,'"',""*:jŁi

:T"TiT"'ff;:'3,?'§&fi;* ń-óo not nee-d calculations, 
iunity

Prof, D,l, nvreJ;r"|ili ii3ił."3f,T,Jś3.'Ji"ii'":::_::'j"""-"H;:::;T:;:;'-,1"9
' *ił:#'*Ti.T$lT,i:""i",;i:*" 

.:]s 3fsT:iłeTJJHl} ifii,",l,iłi'§i.'::ł:n***ł!

[,?ji}f#i$titiJii',ffi :}tł-t*§fi 
l'F,H#*łT§iH§i:,,ffimethods werę very similar in shape to th9q:,:j

i'i'#§-"",ii;rng whether the aerodynam_tcts

in§ u." *Ó,tin-g near the top of the curve, sp

iuńlng to make much progress,
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Fig. A

_ BY_contrast the engineers working on wet steam are still low on the curve and they have a muchbetter future!

Prof. J- Jerie: We agree that there are limits of appJicability of the theoretical aerodynamics to tur-bjne_stage design and we ńust know them to decide'ńhetrrer ii iS wortŃilile to proceed further than

The text of the Panel Discussion contributions has been prepared for the publication by Mrs.Barbara Markiewicz and Mr. Mariusz Adelt.


