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\1ANFRED HACKESCFtN{lDT. IilATHlAS RóSSLER, HANS-DIETER HlLBRICrl

;cLen*1

Characteristic Fields of the |{atural Transitional Boundary Layerx*)

l:l "rrlel'trl illua 
''*.'a 

l]lu lltlllitlitr-turhuIcnt tranritioll. eltlcltlatctl b; nlcans ul'btlundar; laycr
::ti':od. in a sufficientlY exaci manncr. theoretical results on lurbulent spot iormłtion have been 

"o-pu_:'i rrith erPerimental data obtailled by ntcans of tlre soot tenroval ńethod on a flat plate ant! with,J:iOus other results obtained by measurin_t thc local heat transfcl and by hot-wirc anenonctlv. Further_
1',.!.. An expel,imentally ltlunded modcl c,incept l-tls been a.u.lop"J.*il"l;";;il;;;u""'";;;;;"

rnlen1 ol 1hu lut'hulcnt sPrlt rłithitl lhc trltltsitjtltlltI hottrlJa11 lu_rcr. As ,, r.a,ul, of thcsc iIlvestigations.
-::r;rcteristlc correlirtions betrveen momcntum thickncss, Reynol<ls nunrber and iicc-stream turbulence
;ir-l \\ith the internlittencY factor as a paratl}ctcr ofthe flat plate rvithout pressurc gradient have been
:i,rined, A characteristic showing thc pressure gradicnt influence on the lamirrar-turbulent transition has

:::;l established as well- The LeIiabillt1 ol thosc ficlds of characteristics can be verifięd cxperimentally by
1-.l,rlls of the samplc mcthod,

l. lntroduction

To design florł slstcms stlitable to transforlll efficielrtly kinetic flow energy into
|"".|j.. ene.rgY_, ą, sufficientl} e_\act calculation of the bourrclary layer upstrlam of
:he diffuser i§,,gerrerally necessary, This is especiaily the case for flat blade profiles
'horving in the ńonrinal operation point, a uniform velocity tiistribution over a wide
rJnge of the'ir suction side which reiults in the boundary layer transition (see [6] and
ill]), Iri most cases the turbulellce observed irr the cascade channel i. ..iuiiu.ty
intense. In order to obtain under these colrditions a detachment_fręe flow within the
rrtltflow sPace of the cascade clrannel, the cascacle was designed in such a way that
the seParation criteria. recon-lmenclecl lor ti:rbulent boundary-layers, were tat<en as the
uPPer bound values. It follows from the above that design limitatiorrs are unknown
tlP to now. This unsatisfactory situation requires development of a calculation methoc1
lor transitional boundarv lavers.

ł) trric<lrich List UnivcrsitY of Tlansporl anc1 Comrnunications. Dcpartment ol Vehicle Engincering.
Germiin Dcmocratic Republic.

**) Part l of the PaPer 9P6 "Natural boLlndar;- layer trarrsitioll on the basis of theoretical antl various
crPerinrcntal results obtained from the flat plale *,ithout ancl rvith pressure gradient,'. read.to the 2.
Svmposillm on Laminar,'Turbulcnt Transitit,ln olthe IUTAM in Novosibirsk. USSR, July 9 _,13, 1984.
L\tcn(lcd ahstruct errtitlcd "CIlaraclcrisli,; Flcltls .lf thc Nattlrirl Transitional Boundilry l_aier" publishcJ
in the Conference Proceedings bv Sprineer-Verlag GnlbH irncl C]o, Berlin-Heiclelberg.
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20 M. Hackeschnlidt, M. Rósslcr, FI.-D. Hi]brich

Since detection of coherent structllres in turbulent boundary liryers by S, I. Kline
|l7] a thorough investigation of existing flow phenomena began, so that the findings

known up to now permit already a sufficiently exact calculation of transitional
boundary layers. The questions tackled in this report are as follows:

l. Determination of the dependence of the Reynolds number corresponding to

the |aminar/turbulent transition inception and end on the flat plate in case of zero

pressure gradient on the free stream turbulence level.

2. Turbulence anisotropy influence of free stream and pressure gradient on start

and end of transitional region.
Verification of the characteristic fields developed to describę the lanrinar/turbu-

|ent transition, is made using the measurement results of R. Herbst [13] obtained

by mearrs of the sample method, ir-r which an interrnittent inflow on the flat Plate
with pressure gradient is assumed.
_ In future it will be necessary to illuminate the flow mechanism leading to forma-

tion of turbulence spots so that it will be possible to formulate experimentallY

founded hypotheses on its structure and then to develop and test mathematical

models. W. Albring [2] and M. T, Landahl [18, 19], for instancę, point out

promising approaches.

2. Transition Initiation in Case of Zero Pressure Gradient

Measurement results on the transition initiation on.a flat plate, positioned Pa-
rallel to the main flow direction, which are obtained by different methods, i.e. hot

wirę anęmometry. heat transfer meastlręment and soot-oil-petroleum erosion, differ

so much that the transition inception points reported cover approximately half of
thę whole transitional region (see [7] and [10]).'fhis applies first of all to freę stream

turbulence level values of 2"/o and more. Therefore experimental and theoretical

investigations of the flow structure near the wall leading to the foińation of turbu-

lence spots have been carried out especially in this incidence area (see [22] and [8]).
A result of these investigations is given in Fig. 1 showing the 1ocal skin-frictiorr drag

coefficięnt, i.e. the wa1l sheai stress related to the dynamic pressure of the undisturbed

free stream, versus the streamwise length Reynolds number witli the intermittencY

factor 7 as a parameter in the transitional boundary layer region. Measurement

results show a statistical distribution which may be approximated by means of the

Gaussian distribution in case of turbulence level values less than 0.1% (see [9]). In

the present case the free stream turbulence level measured by means of a hot wire

anemomęter amounts up to 4.60ń at the leading edge and is reduced to about 2oń at

the end of the transitional region.
The lower part of Fig. 1 gives an insight into the structure of the transitional

boundary layer near the wall. It has beerr obtained by means of the soot-oil-Petróleum

erosion technique, The erosion pattern to be seen at the right side and in the middle

of the fllgure, results from the different times of turbulence spot formation and con-

sequently, it cannot be a spanwise measure of the intermittency factor. In the lirst
half of the transitional region this faetor is very small (see Fig" 1),
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Fig. 1. above: Relationslrip between local skin-friction drag coefficient c'i and streamwise

iength Reynolds numbel Re" with intermittency lactor 7 as a parameter of the flat plate for high isotroPic

free stream turbulence and zero pressure gradient; tE - 1eading edge, AA * start of,sPot Prints,
U,4 - transition inception point, i - start of the streaks

below: Use of soot-oil-petroleum erosion to show the streaks (left) in the unstable laminar boundarY

layer and thę turbulent spots (centre and right hand side of the figure) in the first half of transitional

boundary layer region, The photograph shows the streaks according to the values on thę abscisSa

lying in th" u..u of the streamwise lengtlr Reynolds number between Re" : 9,25,105 and Re" : 1,94,16s

The aim of investigations was
(i) to assess tlre magnitude of streaks (left sidę of the figure) observed in the

unstable laminar boundary layer upstream and immediately downstręam of thę

ttansition inception point and
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(ii) to fix the transition inception point as the status nascendi of turbulence spots,
i.e. to detect the location uA aftęr which first unsteadr- fluctuations occur.

In case of a relatively high free stream turbulence. streaks are formed at point
(i) situated a short distance downstream of the leadin_e edge of the plate, that is at
R€"i : 5.3,103 for the local turbulence level Ttt,: 4,5Y , At the poii^lt UA the reci-
Procal distance of these streaks related to the boundary layer thickrress d, accor<ling
to Blasius-Howarth differs from the approximate value i,,'ó1: l to become 1.3. see
Table 1. It follows from the above that in case of intense free stream turbulence the
secondarY flows in the unstable laminar boundary layer cover the whole bourrdary
laYer between poitlts (i) and U,4. whereas in case of no and very poor fr." str.uń
turbulences these secondary flows corer only l to2o/o of the bourrjaiy layel. thickness
(see [24].).

Another hint at tlris phenolnenon is given. according to [8]. by tlle 1.69n relative
wall distance of location of thę disturbing wave which ręmovęs the greatest amount
of energy from its surroundings and causes the burst of the longitudinal vortex
forming near the wall. In casę of self-excitation in the laminar boundnly layer these
vortices take a hairpin shape. ln case ofexternal excitation they can from loops only.
because as it has been said above, the longitudinal vortices already occupy tlre whole
boundary layer. ln areas of mixed excitation, i.e. in case of free streźlm turbulence
1evels of 10ń to 0.1% and turbulence levels fallirrg down, the shape of rising longitu-
dinal vortex pairs changes from a loop to a horseshoe an<l firrally to a hairpin.

The shaPe of the vortex pairs bursting the layer near the wall depends on the
tYPe of excitation, i,e. whether the transitiorr inception in case of very low free stream
,turbulence is induced by self-excitation (Re.,,,, is relatively large) or, in case of high
free stream turbulence, by external excitation (Re,,,.o is relatively small), see Table 1.

The structural pherromena of fully developed turbulent boundary layers as by
M. R, Head and P. Bandyopadhyay [12] may itr a certain sense be also used to
the status nascendi of turbulence spots, i.e. to transition inception,

characteristic differences of fornration of longitudinal vortex systems near
thc rvall at thc trar-isition inception poirrt

Table l

kind ol excitation self-excitation External crcitation
l0:7ił,
1"ló,

R"",.,,
Effect of Reynolds number on fe-
atures of longitudinal voltex
pail,s at the transition inception
point

< 0.1

ł 0.0l 6

= 2,82, 106

hairpin

>l
ł 1 beforc U.4
ł 1.3 aftcr U,4
: 117 .1 (łłł; ' r,or1
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As it can bę seen in the lor,ver part of Fig. 1 there are stili other vortex pairs
remaining Within the immediate wall area, also downstręam of the point U,4. iheir
burst seems to take place stochastically. The last longitudinal vortex pairs rise when
the first ones, i.e. those breaking out in point (] A and, forming a turbulence spot,
hal,e already left their print on the wall: AA in Fig. 1.

Due to thÓ fact that unsteady fluctuation movements occur as soon as the fluid
near the wall bursts lor the first time in the direction of the boundary layer edge, the

z5

t,#
.qę'i'
:'l i;i:l

trig. 2. above: Relationship betr,vcen momentllm thickncss Reynolds number and iree stream turbulence
level for trarrsitional bounciary layer at zero pressure gradient with the internrittency factor as a parameter

bclow: Eifect ol pressure gradicnt foI. llll inrcrmiitcncy lactor of 59o
SE - region ol self-excitation, ME - r,cgion of nrixed crcitation, FE - region of extcrnal excitation,
TE turbulence energy in the free stream is gręatellhan oL jgga]_ś the maximum of turbulerrce
energY in the boundary 1ayer: anisotror, 

'.,;:: i;r{rr,lii.;,i1 
1w'21lu') ): momentum thickness factor:
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transition inception is fixed. although it is not possible to note a marked deviatiorr
of the skin-friction drag coeflicier't behaviour because ,lf the infinitely small inter-
mittency factor, cf. upper part of Fig. 1. Exact evaluations of heat transfer measure-
ments carried out by J, Kestin, P. F. Maeder and H. E. Wang [15] showed,
however, that thę transition inception point U A may be clearly fixed in the external
excitation region (see [7]). Up to now a degressively increasing course was given for
thę transition region of the skin-friction drag coefficient depending on the streamwise
length Reynolds number (see Fig. ż1.2 ln the monograph [23]). This course cor-
responds to an intermittency factor l > 5o^ and is fixed arbitrarily as the transition
inception. The latest findings which are briefly described above, have shown that this
transition characteristic passes first through a minimum, then increases progressively
and afterwards degressively. Its course is determined by the level of free stream
turbulence and its dependence on the streamwise length Reynolds number. It may
differ widely and as a general rule cantrot be described by a single formula.

The curve in Fig. 1 above was obtained on the basis of experimental values usirrg
the equations listed in the right bottom part of Fig. 1. The decrease of the
turbulence level lrom 4.6oń to 2"ńin the plate area under study corresponds to lhat
which has been measured behind a turbulence generator |22f. The result of paper
[7] is shown in Fig. 2 by a curve of transition inception at 7 : 0,

The upper family of curves in Fig. 2 was formed on the basis of a great number
of measrrrement results obtained by different authors, listed in |'1,9,10l, the incep-
tion point position being represented by the well-known dependence of the stre-
amwise length Reynolds numbęr on the fręę stream turbuletrce level, as it was
indicated, for instance, by J. O, Hinze ([14], p. 462). Accordingly, transition incep-
tion (UA:T : @) and transition end point (UA:y x 99.30ń) are determined on the
basis of an experimentally found dependence of the intermittency factor 7 on the
streamwise length Reynolds number, after exact heat transmission measurements
[15] and in consideration of a change of the boundary layer velocity profile caused
by the free stream turbulence level,

3. Transition End of Flow in Case of ZeroPressure Gradient

At the transition region end the local skin-friction drag coefficient shows a rela-
tive maximum (see Fig. 1) so that its determination is rather easy. However, the
freę stream turbulence level and the relative length of transition region are the factors
to be taken under consideration.

3.1. Influence of Free Stream Turbulence

The external turbulencę deforms the boundary layer velocity profile in such a way
that displacemęnt and momentum thickness become greater as compared with the
external turbulęnce-free state. In the turbulence level region FE (external excitation
region) the momentum thickness factor 1lkz,:1/0.68, i.e. I.47 (see Fig.2, bottoin
part). In the turbulence level region ME of mixed excitation, the above factor de-
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pends on the turbulence level and irr fegion SE of self-excitation it equals 1 according

to the clefinition, [10]. The corresporrding numerical value of displacement thickness

in the f'E region is 1/0.75 : 1.34.

3.2, Relatile Length of Transition Region

IIr case olthe free stream tttrbrtlence level valuęs less than about 4.5% the mirri-

mum turbulence level value in tITe boundary layer preporrderates over that of
erternal turbulence, In tlre case of free stream turbulence levels greater than about

ł.5u,o the relations are invertecl, i.e. within the boundary layer thę trłrbulętrce is

.nraller than outsicle, Hence, one can distinguish a state of turbrrlencę energy hotno-

Selteitv clivicling tlre external excitirtion turbulence level region of the transition end

;ccording to the diagram in Fig. 2 above into two subateas, i.e. the actual region

FE in rr.lrich tire Reyrrolds trrtmber ol the transition errd depends of tlre free stleam

:urbttletrce level ancl tlre region TE being indeperrderrt of the turbulence level due to

R.,1,r:9.75.104 (see Fig. 2). Accordingly, the relativę and absolute streamwise

rransition lengtlr relationships were obtainęd and listed in Table 2,

Iablę 2
Relative length of the trirnsitional region on the flat plate for zero pressllre gradient

Rcgion of kTLt (sl,p - s,, ,)/.s,,., Ra., ,, - Rt,.1,.1

5E self-cxcitatiorl
_\f I rTrixecl crcitatioti
Fl] oxternal cxcitation
rE turbulencc cnct91,

hornogetleity

< Q.1%,

) o. t%,...
l l Eo/
) r.) /u

:4.5'%
> 1.5o/u

0.374

E.41(łTi])o,]6' - 1

2.]21

550.53(ł7lł1,606-1

106

t05

1.07

0.92

At tlre transition elld the irrternrittency factor l,:0,993 to 1, For tlris factor the

relatiortship,,,:G-F',ltF,-F,}IlolclswhereFstarldsfordisplacemclltihickl]css,
momel]tup1 tlricktress, local skin lrictiorr coefficient or any otlrer shape parameter

tlf tlre trairsitional botttlclary layer, rvhile tl,e subscripts r and i refer to the turbu-

lence spot region and the ambient lanrinar flow, respectively. As it is generally known,

the itrtermittency factor l] calr be ileterrnined from tlre fluctuation diagrams which

are obtainecl by means of a hot wire probe. According to tlris, from the experimen-

tall1,, founrl value of factor' ;, the shape parameters of the bourrdary layer may be

deterrlrincd itl thc trallsitiollal legiotl tlsillg the formtlla'r :,,,(f ,-F/)+F,. with the

respective shape parameters l-, of tlre turbuience spots as well as the parameters

F, of tlre larrrirrarly flowirt_u surroutrding found either experimentally or by compu-

tation.

4. Turbulence Anisotropy and Pressure Gradient

When discussirrg the test results in the fięld of cnaracteristics demonstratin_q the

laminar7'turbulent transition in case ol zero pressure gradient (Fig. 2 above) attention

25
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slrould be paid to external turbulence allisotropy and pressure gradient, In most
exPerimental cases neither turbulence isotropy nor flowing states r,vith zero pressure
gradient Prevail so that the nreasuring values must be adjusted to be able to nrake
srrfficierrtl1' exact statements of the transition region be_uinrring and end in the case
of zero pressure gradient,

4.|. Turbulence Anisotrop1,

The transition lield of characteristics shown in Fig. ] above is rakett frotn nrc-
asurement results obtained on the flat plate rvitlr zero pressure gradient and from
considerations of sirnilarity theory under assumption of, strictly speaking, orrly
isotropic free stream turbulence (produced by screens), In cirse of external turbulence
not excęssively anisotropic, i.e. nearly isotropic, this field c,lf characteristics nray.
however, also be applied if the product ol turbr,rlence energy level Iu and atr ani-
Sotropy factor ic is used as an indepęndęnt quantity instead of tlre turbulence level
which only regards the iongitudirial fluctuatiotl con:lponent [9]" Aithough this pro-
duct corresponds forrnally to the usual turbulence level, i,e, tlrat which is fornrecl
onlY bY means of the longitudinal fluctuation compotteltt, tlre factor ł gives a practi-
cable measure of accuracy whicl"r nrust be reckonecl with if this trarrsition fięld of
characteristics is applied to anisotI-opic external turbulence,

4.2, Pressure Gradient

As a similarity number describing the pressure force to viscous force ratio rvitlrin
the flrrid. the Ha_selr tlumber Hcr,,, itltroducecl itl l96l by W. Albring Inust be taken.
RelativelY reliable neasurement results concerning this Hagen nunlber influence may
be obtained for the region SE of the low-turbulence free stream (see Fig. 2 bottom
leltl. As a depcnclent quantity one cal] use the ratio oltlle logarithIils of it-l.,r-'ro,.lr.ri
turn thicklless Reynolds tlumber of the florv lłithout zcro pressurc gradierlt to that
in the florł state rł,ith zero pressure gradient (see Appcndix 3),

Furthermore, tlre relevant test results sLlggest that in tlre IE regicln in whiclr the
turbulence of the boundary layer is lęss than that of the free stream, the pressure
gradieIlt is ol rto influence. ln case of the cquivalent lcvcl /.Tu:4.5oń the field of
characteristics oi the exponent <, shows a pole. The asymptoles ol the Ht1,52 : consI
lines in this Pole and those irr the SE region itltersect eitch other approximately at
the boundal'Y olthe ttlrbulence level regiolrs ME artd FE. i,e. ill case oian equivaierlr
turbttlence level olabout ł7lr - lnu. The f,ield olcharltclerislics showtr in Fig,2 rłas
Plotted on the basis of lneasurement results correspotrdirrg to tlre intermittetrcy
factor "i :5'h (index S) [10], i.e. according to Fig, 1 this field is approximately true
to the transition region centre. With irrcreasing interrnittency factor the expression
(c-1) becomes smaller. At the transition arrd the expolielrt c,is less than c,5 by about
a Power of ten so tlrat by way of approximation the relativę difference nay be., set
(c-cuo)l(c,.l-cu,rJ : i with c,,u ł 1 (see Appendix 3).
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5. Verifica,tion by Means of the Sample Technique

For reliability tests of the characteristic transition inceptioir line shown in Fig. 2
measurement results of R. Herbst [13] were taken. The results have been obtained
from thę flat plate experiments by means of the sample technique independently of
the tests made by R. RóssIcr |2l. )211Fig. l bclow). In this collllectioll it should
be stated that two different methods are applied: on the one hand the sample method,
in rvhich certain timd:periods are taken from the lrot wire probe fluctuation dizigram
for evaluation purposes, arrd on the other hand the soot-oil-petroleum ęrosion
nrethocl, These two methods are used to firrd the transition inception point U,,{ for
intermittency factor values of ; < 0. 17n, which ill contrast to former results obtained
by, other measurement and evaluation metlrods, are a good proof of their precision.
In this respect compare the VlTA (rariable-interval-time-averagirlg) technique to
R. F. Blackwelder and R. E, Kaplan [3]. In order to sinrulate the unsteady flow
conditions at the cascade inlet in multi-stage flow machines R. t{erbst generated,
b1. means ,of a spoked ro11, an unsteady flow upstream of tlre flat plate with dilferent
pressure gradients (the angles of inciderlce ranging between -2' and - 10') so that
accelerated transitional boundary layers formed. In our case the wakes behind tlre
90 spokes of the fluctuation generator have already grown togetlrer at tlre transition
start so that tlrere was a continuous turbulence field in the free stream.

The Hagen number varied fram Hau, : 0.01 to 0.03, the momentum tlrickness
Reynoids number at the transtion inception point - bętweęn Rer, (Hau.):110
and 150 while the free stręam turbulence level was Tu":3 to 40ń (see Appendix 1),

This turbulence level rr": ,[rł'/uu covers only the fluctuation velocity u' which
seems to vary irregularly.

After revaluation, the momentum thickness Reynolds number Reur(0) correspon-
ding to the flow state with]zero pressure gradient ranges between l07 and l40 accor-
ding to the field of charactcristics showrr irr Fig. 2 and the free stream turbulence
levels 7il"(0) amounting between 5,8%o arrd 4.1oń. Itt the field of characteristics the
three values detęrminęd in this way nearly lie on an isoline of the constarrt irrtermit-
tency factor which on its part is very srnall. By means of the sample teclrnique it is
not possible to find the transition itrception point UA with thę intermittency factor
equal exactly zero, but obviously it is possible if the 7 value is latlrel small.

Although the external turbulence, according to A, C, Ginevski et al. [15], tends
to show isotropy already after a shorter streamwise length behind non-stationarY
cylindrical bars than in the case of the same bars in a stationary state, an ęventual
turbulence anisotropy at the transition start should not be excluded (see [9] and
Appendix 2),

6. Conctusions and Prospects

As a rcsult ol the above investigations the iollowing conclusions may be drawn:
1. Due to the dependence of the momentum thickness Reynolds number arrd the

Hagen nurBbęr ofl the turbulence level and tlre intermittency factor according to

27
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Fig. 2, the dependence of thę skin-friction drag coefficient on the streamwis€ length
Reynolds number may b€ computed in a sufficięntly exact way for any turbulence
level courses.

2. The transition fięlds of characteristics shown in Fig. 2 apply to isotropic and
nearly isotropic free strearrl turbulence.

3. Both anisotropic turbulence in a steady fiee streanr and that in an inermittent-
-unsteady free stream can be considered a nearly isotropic turbulence so far there
exists a coherent turbulęnce field,

4. The anisotropy factor k is suitable as a n]easurę of nearly isotropic turbulence.
5, In case of distinct anisotropic free stream turbulence, anisotropy ratios in

each of the three coordinate directions (see [16]) must be introduced as independent
quantities instead of the anisotropy factor ł.

6, In case of an intermittent non-stationary free stream, the relative amplitude
of velocity change Auu and the Strouhal number of periodically arranged wakes
must be introduced as further influential parameters. According to [20] one can
distinguish a critical value of the \Aurur)l(alr,) similarity number below which no
relationship of such a kind exists and turbulent spots are formed in an aperiodic way.
Aboye this number turbulence spots are formed periodically with the fręe stream
freqńency; but the Reynolds number Re.uo corresponding to the transition inception
is not dependent on velocity change luufi5.
Reccircd h1 (he Ldi(ur, Se1rtcl]]her lq86
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Appendix 1

Revaluation of field data of transition characteristics with regard to pressure gradient

The data on transition inceptiorr on a {lat plate lvith differcnt plessr,lrc gradient given by R, He rbst

[13] arc stated in thc colutlns l and 2 ofTable 3, For a rcvaluation reciuilcd to get a florv statc lvith

zero pressufc gra<lient four equations sholvrr in tlris table arc taken. Eqttation (4) is truc clnly in the
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Fig, 3. Turbulence lel,el irbtlve the flat plate \\,ith pressure gradient bellind a fluctuirtion genćlrtor T jn the fornr of a irlleel

with pitch dian]etel 0,6 n and 90 nrlorr strings ol 2 n diafletęr rrranged according to R. HćIbSt trot3tionaj frequency:

400 min-1): tE-.leading edge ol the plate, Ilagen nurnbęr is used as a palaneler whilę tbe nun]bęr in parantheses

denotes the angJe of irrcirlenee
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). : IIąaz
l 0-aRp I01Th.

Revaluation of transition inception data obtained by R.
the zero pressure gradient

Herbst in case ofaccelerated flow (Ila,
conditions (Hao, : g1

Table 3

> 0) onto

(1 ) c,,,, : 1.05 (c. - 0.05t,r: 11;

(3) Ra5, : 0.66412V''Re.;

(2) c : lgRe,,r(Haur)flgReu..Q);

region of externally excited turbulence. The free stream turbrrlence level
state of zero pressure gradient (o) listed in column 8 of Table 3 are takcn to
This line is expected to be the proper extrapolation of the measured values

(4) Re..,,, | : 177 .1(k,1,Ą- 1,606

|rr, rr,

vaIues obtainecl for the flow
plot the dotted line in Fig. 3.

of R. Herbst.

Appendix 2

The anisotroPY factor ł behind non-stationary and stationary cylindrical bar cascade

The changc oi turbulencc lcic| lntl anisolrop1 iactor A irr rhe wakc depcn,ls suhstanlially on thc kindof the turbulence gerrcfator. Generally, the turbulence level can be approximate<t by ihc ecluatiotlru-: kt(slt)ik:, ln case ol cylindrical bar cascacles two characteristic vitlues of the rclative streamwise
length (,s/l). markcd bY (H) and (1) in Fig. 4 - cen be distinguishe<l. The values given in Table 4 reprcsent
the validitY ranges of ł, and ł, coefficients. According to F, Klatt [16] the point H of the individr:al
stationarY cYlindrical bar cascade separates the region of i,nhomogeneous tu.bulcnce fronl that of homo-
geneous turbulence. Behind the non-Stationary cylindrical bar cńain the region of apparently isotropic
turbulence ł: 1 begins at point H according to measulements made by A. S. Ginevskij et aI. [5].

inhomogeneous
turbulence honogeneneous

tUrbUlence

1 .05

A

I

l(

15 2a
(s/t)r 

-
Fig, 4, Colręlation bętween anisotlopy factor ł and leiative streamwise length behind the turbulence gencrat.r bcing;
a) a non-stationary cylindrical bar chain, b) a statjonaly cylindricil bar chain consisting ol 2 stltionari cylin<Jrical bar

scleen§. e) individuai stationary eylindrieal bar cascades
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correlation bctwccn
turbulencę generator

Table 4

turbuionce level ancl rclative streamwise lcngth as nleasured clownstreanr of the
(7) representing non-stationary and statiorrary cylindrical bar chains, the screen

and thc individual cylindrica1 bar screen

Flow system
Relative streamwise

length range
k, k2

According to tlre measure-

ment resrtlts obtained by

\on-stationitry cylindrl-
;lli bar chain

St.rtionary chain (2 cylin-
_::ical bar screens situa-
:-,J one after another)

} J i -'L'I1

i,, ;indrical bar screen

[3<1rlr;,324
|24 ś (s,r).

_3<(s,'l)l ś48

5.7 < ((.s.ll)r.+0.9)

0.269
0.1 50

0.232

0.3

0.42

0.240
0,075

0.642

0.63

0 7l

Ginevskij et al.

, t5]

F. Klatt
l l6]

]

|^.

]

.: case of a stationary cylindrical bar chain, i, e. if 2 stationary cylindrical bar cascades irre arranged one

._::.,r another. an anisotropic turbulence can be observed up to the point (1) at which a changed regularity
_, ihc turbu]ence level relationship may ,be observcd bchind the non-stationary cylindrical bar chain.

Ą: iegards the exponent łr, the non_stationary cylindrical bar chains differ slrbstantially from the statio-
:.li} cylindrical bar chain, the screen and the individutrl stationary cylindrical bar cascade. ln lhe latter
:,,se. howcver, the anisotropy factor ł increases degressively with the streamwise length (Fig.4). As far

.. inflow conditions in flow machines are concerned the cylindrical bar chain device described by
i\. H. Gibson [4] is rcprcscnlative. Here the object to be studied is exposed to turbulence bchind
.. .:nglc non-slationary cylindrical bar cascade so that thinkablc interference phenomena of the wakes
-..nin<l two cylindrical bar cascades moving anti-clockwisc are excluded. The spoked wheel used by

,{ Herbst [13] will presumably approach turbrrlent conditions of the individual non-stationary cylin-
*::;a1 bar cascadc, but it does not exclude, nevertheless, the existence of interfercnce phenomena of low
:.:L-llsity so that here atr external turbulcnce anisotropy up to thc point (1) of Fig. 4 should be regardod
-,:.lbIc.

Due to the fact that the measurement results available have been obtained by means of hot wire anemo-
::etry with an intermittency faetor of 7 : 5%, they are marked with the subscript S, i.e.

:.., Appendix 3

standardization of the momentum thickness Re.vnolds number for transitional
area in the presence of a pressure gradient [10]

For detection of thc pressure gradient influence on thc laminar,'turbulent transitional area the Hagen
, _nlher Htl,i2 ciłil be used. Due to tlle lact 1hat 1hc iunliIy of transjtion charactcristics describing the
- llndltry llt;cr on a longitudinally streamiined flat plate (see Fig. l l provides sulficicntly e\act inlorma-
:,,,n nlatcriu]. it sceIns reasonable to usc 1his data as a relercnce basis lor a flow state without zero
::.s\[lre gradicnt Ha,r, ł 0.

rollowing rhis apfroaeh the momentum thickncss Rc1 nolds numbcr Re,1, is definerJ as a multiple ol
:1f,t corresponding to the flow statc with zero plessure gradient, that is:

.. Rer.(Haur1 \gRe5rlHau2\
N,,_:-- t)f ć=-

Re,,ż(OJ lg Rt,o.(O)
(1)
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C,:i+]01(C].1*
Ant

with a special relalion for the turbulence level area 1 = ,SE (Fig. 2):

C, ' IJ l,_§il3 Ha,r.+2,875Ha},

and another relation for the turbulence lcvel area III : j:E (Fi_s. 2):

lm : (C śI - 4.6854)0.5358 + 1.3516.

The correlation between the quantities c ofequation (1) and C5 ofequation (2) is given by the
relation Il l]:

C ł^,,(,1*CJ+Cs.

Charakterystyki warstwy przyściennej w strefie turbulizacji

streszczenie

Celenl rvYstarczająco dokladnego zbadania przejścia 1aminarno-turbulentnego wyznaczol]e_qo metodą
warstuY PrzYŚcienncj. lvvniki tcorelyczne dotycztice po.jarviania się turbulencji porównano z danyni
dóŚwiadczalnYnli, uzyskanvnli techlriki1 usuwariiit sa<lzy na płaskiej płytce oraz z, róż.nymi innynli w}ni_
kanli rrzYskanYmiPrzel, Ponriar lokalnego plzekazrr ciepła i zastoso,uvanie anernonletru z _sorącym drutem.
Co więcc.i. oPlacowallo ckspcrymctrtalnic tlzasadniorlą konccpcję modclLr i,vyjaśnirrjącego loimowanic sięi rozlvó.j obszat,ilw turbulencji rł, ulegajacej turbulizacji r,varstwic przyściennej. w wllniku tych badań
ttzyskano charaktcrystyczne związki nlictlzv liniotvą nlitrrą straty pedu, liczbą Rcynolclsa i poziomem
turbulencji w struclze swobodnej ze rvspółczynnikiern przcjścia jako pararnetr- płaskicj płi,tki opływanej
bez gradicntu oiśnicr'ia. Ustalollo r<iwnicż przebicg charakterl,styk wskazujrlcych na wpłi,w grr,ai.ntu
ciŚnicnia na turbulizacjQ. Willygodnośc uzvskanych pól charakterystyk nloże być zweryfikoliana do_
świadcziilnie. stosrrjilc nletoclę próbkorvania.

XapaxrepncT[Ku llofpannqnoro cJoR B 3oHe Typ6y.rru3a{nn

Pelrorłe

IJcrr,ro 
^ocTitTo!IIlo 

'roqHofo 143yrleHtllt -]a}411l{aipHo-Typ6v:ren,ruoro ncpexo.:Iii. onpe,le,rćunoro r.re_
ToAo\'1 nOfpaHI,lrIHolo c,-lo-'I. TeopeT'1,1qecKIłe pc3y-lb,IATLl o,IHocfiIt{rlecri X norB.]eHnIo ryp6y-rerłllur,r
cpaBHLtBźlIoTCfl c :]Kcnepll},1e}ITa,-]6II1,I\4Il llaH1,I1,1\,lll. lloJytlcllHbI\l!I rexrtrtroń !,c.l.pitHeHlrfl caxl{ Ha n:Io-
cxoti nlac'ruuKe- a Taxxe c pil3,1llrlHbIN{I,1 ,.{pyrlr}rIr pc3y,-rbTa,|łl\4,,l ,1oc],llfH),lblMx nyrćv Il3\lepeH11_fl
vecT'Hot-,I Telljlonepellaqu }l nplt\rellcHl], aHe]VloMeTpa c roplucli npono.roxoił. 9To 6o.rr,lrrc, pa:pa6o_
TaHa. ]KcnePlr\{eH'fatJl,I{o o6ocrIosaHHaq fi/(e' \4oAej]Il st,lRcHxrouleił rlopvlłpcleaHł, ll pźl3BHTI4e Tvp-
6Y;learuslx 3oH B no,{BePl'AiolrleMcrt ryp6y,rrtlallłu nofpaH!rqHo\,t cloe. B pe3y,lbTaTe 3Tilx Hcc,-1e]:1o_
nauuii nolYveHbl xaPaI('TepIzcTtI'IecKI4ę 3aBI{cIlMocTIł rtex4y ,tttHeiiuoił rłepoń noTepri fiMnyJ1lca. qIl-
c-rort Pcńlło-rsJca u \PoBIIeM rYP6y.lctlulrlt s csoóo.tHrlI-t clpvc c tiolt|lrPłqtlctrroM llc1.cx().til B Kitqc-
cTI]c [aPaMcTPa n-locxoii il,lalcTrtHKti o6rcracr,toń 6e:; r,pa,lueHla l]aB],leHxq. Onpc4e_lrću TitKxe xoA
xapaKTep}rcTllK vKil3blBilio[lłX Ha BJllrHr.le lpiij]r{eHTa ,laBjeHIl Ha ryp61,,ru:arlłllo. ĄocroaepHocTb
noIYrIeHHblx nolcli xaPaxrePllcTll}i rłoxer 6url npoBepeHa 9rcuepnMenTaj]bHo. noJb3yrcb §reToAoM
.1llcl(pcTH3a [tl t|.

(2)

(3)

(4)

approximate

(5)

.. , lg(k7ł)+1.3516|)tn-


