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MANFRED HACKESCHMIDT, MATHIAS ROSSLER, HANS-DIETER HILBRICH

Dresden*)

Characteristic Fields of the Natural Transitional Boundary Layer**)

In order to investigate the laminar-turbulent transition, calculated by means of boundary layer
method. in a sufficiently exact manner, theoretical results on turbulent spot formation have been compa-
red with experimental data obtained by means of the soot removal method on a flat plate and with
various other results obtained by measuring the local heat transfer and by hot-wire anemometry. Further-
more. an experimentally founded model concept has been developed explaining the formation and deve-
lopment of the turbulent spot within the transitional boundary layer. As a result of these investigations,
characteristic correlations between momentum thickness, Reynolds number and free-stream turbulence
‘evel with the intermittency factor as a parameter of the flat plate without pressure gradient have been
obtained. A characteristic showing the pressure gradient influence on the laminar-turbulent transition has
n established as well. The reliability of those fields of characteristics can be verified experimentally by
means of the sample method.

C

1. Introduction

To design flow systems suitable to transform efficiently kinetic flow energy into
pressure energy, a sufficiently exact calculation of the boundary layer upstream of
the diffuser is generally necessary. This is especially the case for flat blade profiles
showing in the nominal operation point, a uniform velocity distribution over a wide
range of their suction side which results in the boundary layer transition (see [6] and
[22]). In most cases the turbulence observed in the cascade channel is relatively
mtense. In order to obtain under these conditions a detachment-free flow within the
outflow space of the cascade channel, the cascade was designed in such a way that
the separation criteria, recommended for turbulent boundary layers, were taken as the
upper bound values. It follows from the above that design limitations are unknown
up to now. This unsatisfactory situation requires development of a calculation method
for transitional boundary layers.

*) Friedrich List University of Transport and Communications, Department of Vehicle Engineering,
German Democratic Republic.

#*) Part 1 of the paper 9P6 “Natural boundary layer transition on the basis of theoretical and various
experimental results obtained from the flat plate without and with pressure gradient”, read to the 2.
Symposium on Laminar/Turbulent Transition of the IUTAM in Novosibirsk. USSR, July 913, 1984.
Extended abstract entitled “Characteristic Ficlds of the Natural Transitional Boundary Layer” published
in the Conference Proceedings by Springer-Verlag GmbH and Co, Berlin-Heidelberg.
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Since detection of coherent structures in turbulent boundary layers by S. I. Kline
[17] 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:

1. Determination of the dependence of the Reynolds number corresponding to
the laminar/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 describe the laminar/turbu-
lent transition, is made using the measurement results of R. Herbst [13] obtained
by means of the sample method, in which an intermittent 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 instance, 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
wire anemometry, heat transfer measurement and soot-oil-petroleum erosion, differ
so much that the transition inception points reported cover approximately half of
the whole transitional region (see [7] and [10]). This applies first of all to free stream
turbulence level values of 2% and more. Therefore experimental and theoretical
investigations of the flow structure near the wall leading to the formation 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 local skin-friction drag
coefficient, i.e. the wall shear stress related to the dynamic pressure of the undisturbed
free stream, versus the streamwise length Reynolds number with 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 lével values less than 0.1% (see [9]). In
the present case the free stream turbulence level measured by means of a hot wire
anemometer amounts up to 4.6% at the leading edge and is reduced to about 2% 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 been obtained by means of the soot-oil-petroleum
erosion technique. The erosion pattern to be seen at the right side and in the middle
of the figure, results from the different times of turbulence spot formation and con-
sequently, it cannot be a spanwise measure of the intermittency factor. In the first
half of the transitional region this factor is very small (see Fig. 1).
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Fig. 1. above: Relationship between local skin-friction drag coefficient ¢, and streamwise
length Reynolds number Re, with intermittency factor y as a parameter of the flat plate for high isotropic
free stream turbulence and zero pressure gradient; LE — leading edge, AA — start of spot prints,
UA — 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 the 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 the abscissa
lying in the area of the streamwise length Reynolds number between Re, = 0.25-10° and Re, = 1.94- 10°

The aim of investigations was

(i) to assess the magnitude of streaks (left side of the figure) observed in the
unstable laminar boundary layer upstream and immediately downstream of the
transition 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 after which first unsteady fluctuations occur.

In case of a relatively high free stream turbulence, streaks are formed at point
(i) situated a short distance downstream of the leading edge of the plate, that is at
Rey; = 5.3-10° for the local turbulence level Tir, = 4.5%. At the point UA the reci-
procal distance of these streaks related to the boundary layer thickness §, according
to Blasius-Howarth differs from the approximate value 4,/3, = 1 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 boundary
layer between points (i) and UA, whereas in case of no and very poor free stream
turbulences these secondary flows cover only 1 to 2% of the boundary layer thickness
(see [24]). , v

Another hint at this phenomenon is given, according to [8], by the 1.6% relative
wall distance of location of the disturbing wave which removes the greatest amount
of energy from its surroundings and causes the burst of the longitudinal vortex
forming near the wall. In case of self-excitation in the laminar boundary layer these
vortices take a hairpin shape. In case of external excitation they can from loops only,
because as it has been said above, the longitudinal vortices already occupy the whole
boundary layer. In areas of mixed excitation, i.e. in case of free stream turbulence
levels of 1% to 0.1% and turbulence levels falling down, the shape of rising longitu-
dinal vortex pairs changes from a loop to a horseshoe and finally 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 transition 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, , is relatively small), see Table 1.

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

Table 1
Characteristic differences of formation of longitudinal vortex systems near
the wall at the transition inception point
Kind of excitation: Self-excitation External excitation
107 Tiu, < 0.1 i
A0, ; x> 0.016 ~x | before UA

=2 80406 2 1.3 after UA
v = 177: 1 (KTi) - 1:29

Regy
Effect of Reynolds number on fe-
atures of longitudinal vortex
pairs at the transition inception
point
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As it can be seen in the lower part of Fig. 1 there are still other vortex pairs
remaining within the immediate wall area, also downstream of the point UA. Their
burst seems to take place stochastically. The last longitudinal vortex pairs rise when
the first ones, i.e. those breaking out in point UA and forming a turbulence spot,
have already left their print on the wall: A4 in Fig. 1.

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

%5 v ds

. Ig Reéz(Ha)
Ig Rebz( 0 )

- BB ; :

Fig. 2. above: Relationship between momentum thickness Reynolds number and free stream turbulence
level for transitional boundary layer at zero pressure gradient with the intermittency factor as a parameter
below: Effect of pressure gradient for an intermittency factor of 5%

SE — region of self-excitation, ME — region of mixed excitation, FE — region of external excitation,
TE — turbulence energy in-the free stream is greater than or equal to the maximum of turbulence
energy in the boundary layer; anisotropy factor: k = /3/(1+(v'> +w'?)/u’?); momentum thickness factor:

k2: = ozr(o)/‘sz;(kT“)
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transition inception is fixed, although it is not possible to note a marked deviation
of the skin-friction drag coefficient behaviour because of 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 the transition inception point UA4 may be clearly fixed in the external
excitation region (see [7]). Up to now a degressively increasing course was given for
the transition region of the skin-friction drag coefficient depending on the streamwise
length Reynolds number (see Fig. 21.2 in the monograph [23]). This course cor-
responds to an intermittency factor y > 5% 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 cannot be described by a single formula.

The curve in Fig. 1 above was obtained on the basis of experimental values using
the equations listed in the right bottom part of Fig. 1. The decrease of the
turbulence level from 4.6% to 2% in the plate area under study corresponds to that
which has been measured behind a turbulence generator [22]. The result of paper
[7] is shown in Fig. 2 by a curve of transition inception at y = 0.

The upper family of curves in Fig. 2 was formed on the basis of a great number
of measurement results obtained by different authors, listed in [7, 9, 10], the incep-
tion point position being represented by the well-known dependence of the stre-
amwise length Reynolds number on the free stream turbulence level, as it was
indicated, for instance, by J. O. Hinze ([14], p. 462). Accordingly, transition incep-
tion (UA:y = @) and transition end point (UA:y ~ 99.3%) 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 Zero Pressure 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
free 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 turbulence deforms the boundary layer velocity profile in such a way
that displacement and momentum thickness become greater as compared with the
external turbulence-free state. In the turbulence level region FE (external excitation
region) the momentum thickness factor 1/k,, = 1/0.68, i.e. 1.47 (see Fig. 2, bottom
part). In the turbulence level region ME of mixed excitation, the above factor de-
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pends on the turbulence level and in region SE of self-excitation it equals 1 according
to the definition, [10]. The corresponding numerical value of displacement thickness
in the FE region is 1/0.75 = 1.34.

3.2. Relative Length of Transition Region

In case of the free stream turbulence level values less than about 4.5% the mini-
mum turbulence level value in the boundary layer preponderates over that of
external turbulence. In the case of free stream turbulence levels greater than about
45% the relations are inverted, i.e. within the boundary layer the turbulence is
smaller than outside. Hence, one can distinguish a state of turbulence energy homo-
zeneity dividing the external excitation turbulence level region of the transition end
according to the diagram in Fig. 2 above into two subareas, i.e. the actual region
FE in which the Reynolds number of the transition end depends of the free stream
turbulence level and the region TE being independent of the turbulence level due to
Re,.p = 9.75-10* (see Fig. 2). Accordingly, the relative and absolute streamwise
transition length relationships were obtained and listed in Table 2.

Table 2
Relative length of the transitional region on the flat plate for zero pressurc gradient
Region of kTi (Sep—>5Su4)/Sua Re,op—Regy
SE self-excitation <0.1% 0.374 1.07-10°
GRSt - -
\{L mixed nutd‘tlo%l Q1% $.41(KTi® 22 — 1
FE cxternal excitation 4.5%
TE turbulence energy =4.5% 2721 : 0.92-103
homogeneity > 4.5% SERERRIA e =

At the transition end the intermittency factor 7 = 0.993 to 1. For this factor the
relationship 7 = (F — F,)/(F, — F,) holds where F stands for displacement thickness,
momentum thickness, local skin friction coefficient or any other shape parameter
of the transitional boundary layer, while the subscripts ¢ and [ refer to the turbu-
lence spot region and the ambient laminar flow, respectively. As it is generally known,
the intermittency factor 7 can be determined from the fluctuation diagrams which
are obtained by means of a hot wire probe. According to this, from the experimen-
tally found value of factor 7, the shape parameters of the boundary layer may be
determined in the transitional region using the formula’F = y(F,—F)+ F;, with the
respective shape parameters F, of the turbulence spots as well as the parameters
F, of the laminarly flowing surrounding found either experimentally or by compu-
tation.

4. Turbulence Anisotropy and Pressure Gradient

When discussing the test results in the field of cnaracteristics demonstrating the
laminar/turbulent transition in case of zero pressure gradient (Fig. 2 above) attention
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should be paid to external turbulence anisotropy and pressure gradient. In most
experimental cases neither turbulence isotropy nor flowing states with zero pressure
gradient prevail so that the measuring values must be adjusted to be able to make
sufficiently exact statements of the transition region beginning and end in the case
of zero pressure gradient.

4.1. Turbulenece Anisotropy

The transition field of characteristics shown in Fig. 2 above is taken from me-
asurement results obtained on the flat plate with zero pressure gradient and from
considerations of similarity theory under assumption of, strictly speaking, only
isotropic free stream turbulence (produced by screens). In case of external turbulence
not excessively anisotropic, i.e. nearly isotropic, this field of characteristics may,
however, also be applied if the product of turbulence energy level Tu and an ani-
sotropy factor k is used as an independent quantity instead of the turbulence level
which only regards the longitudinal fluctuation component [9]. Although this pro-
duct corresponds formally to the usual turbulence level, i.e. that which is formed
only by means of the longitudinal fluctuation component, the factor k gives a practi-
cable measure of accuracy which must be reckoned with if this transition field of
characteristics is applied to anisotropic external turbulence.

4.2. Pressure Gradient

As a similarity number describing the pressure force to viscous force ratio within
the fluid, the Hagen number Hajy, introduced in 1961 by W. Albring must be taken.
Relatively reliable measurement results concerning this Hagen number influence may
be obtained for the region SE of the low-turbulence free stream (see Fig. 2 bottom
left). As a dependent quantity one can-use the ratio of the logarithms of the momen-
tum thickness Reynolds number of the flow without zero pressure gradient to that
in the flow state with zero pressure gradient (see Appendix 3).

Furthermore, the relevant test results suggest that in the TE region in which the
turbulence of the boundary layer is less than that of the free stream, the pressure
gradient is of no influence. In case of the equivalent level kTu = 4.5% the field of
characteristics of the exponent ¢ shows a pole. The asymptotes of the Ha;, = const
lines in this pole and those in the SE region intersect each other approximately at
the boundary of the turbulence level regions ME and FE, i.e. in case of an equivalent
turbulence level of about kTit = 1%. The field of characteristics shown in Fig. 2 was
plotted on the basis of measurement results corresponding to the intermittency
factor y = 5% (index S) [10], i.e. according to Fig. 1 this field is approximately true
to the transition region centre. With increasing intermittency factor the expression
(c—1) becomes smaller. At the transition and the exponent ¢ is less than ¢ by about
a power of ten so that by way of approximation the relative difference may be set
(c—cun)lcug—cya) = 3 with ¢y & 1 (see Appendix 3).
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8. Verification by Means of the Sample Technique

For reliability tests of the characteristic transition inception line shown in Fig. 2
measurement results of R. Herbst [13] were taken. The results have been obtained
from the flat plate experiments by means of the sample technique independently of
the tests made by R. Rossler [21, 22] (Fig. 1 below). In this connection it should
be stated that two different methods are applied: on the one hand the sample method,
in which certain time periods are taken from the hot wire probe fluctuation diagram
for evaluation purposes, and on the other hand the soot-oil-petroleum erosion
method. These two methods are used to find the transition inception point UA for
intermittency factor values of ; < 0.1%, which in contrast to former results obtained
by other measurement and evaluation methods, are a good proof of their precision.
In this respect compare the VITA (variable-interval-time-averaging) technique to
R. F. Blackwelder and R. E. Kaplan [3]. In order to simulate the unsteady flow
conditions at the cascade inlet in multi-stage flow machines R. Herbst generated,
by means of a spoked roll, an unsteady flow upstream of the flat plate with different
pressure gradients (the angles of incidence ranging between —2° and — 107) so that
accelerated transitional boundary layers formed. In our case the wakes behind the
90 spokes of the fluctuation generator have already grown together at the transition
start so that there was a continuous turbulence field in the free stream.

The Hagen number varied from Ha,, = 0.01 to 0.03, the momentum thickness
Reynolds number at the transtion inception point — between Reys, (Has,) = 110
and 150 while the free stream turbulence level was T, = 3 to 4% (see Appendix 1).

This turbulence level Tu, = \/P Jus covers only the fluctuation velocity u' which
seems to vary irregularly.

After revaluation, the momentum thickness Reynolds number Re;,(0) correspon-
ding to the flow state with zero pressure gradient ranges between 107 and 140 accor-
ding to the field of characteristics shown in Fig. 2 and the free stream turbulence
levels Tu,(0) amounting between 5.8% and 4.1%. In the field of characteristics the
three values determined in this way nearly lie on an isoline of the constant intermit-
tency factor which on its part is very small. By means of the sample technique it is
not possible to find the transition inception point UA with the intermittency factor
equal exactly zero, but obviously it is possible if the y value is rather 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 eventual
turbulence anisotropy at the transition start should not be excluded (see [9] and

Appendix 2).

6. Conclusions and Prospects

As a result of the above investigations the following conclusions may be drawn:
1. Due to the dependence of the momentum thickness Reynolds number and the
Hagen number on the turbulence level and the intermittency factor according to
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Fig. 2, the dependence of the skin-friction drag coefficient on the streamwise length
Reynolds number may be computed in a sufficiently exact way for any turbulence
level courses.

2. The transition fields of characteristics shown in Fig. 2 apply to isotropic and
nearly isotropic free stream turbulence. :

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

4. The anisotropy factor k is suitable as a measure 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 k.

6. In case of an intermittent non-stationary free stream, the relative amplitude
of velocity change Au, 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 (dusug)/(wv) similarity number below which no
relationship of such a kind exists and turbulent spots are formed in an aperiodic way.
Above this number turbulence spots are formed periodically with the free stream
frequency; but the Reynolds number Re,;, corresponding to the transition inception

is not dependent on velocity change Au;/u;.

Received by the Editor, September 1986
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Appendix 1

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

The data on transition inception on a flat plate with different pressurc gradient given by R. Herbst

[13] are stated in the columns | and 2

of Table 3. For a revaluation required to get a flow state with

zero pressure gradient four equations shown in this table are taken. Equation (4) is true only in the
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Fig. 3. Turbulence level above the flat plate with pressure gradient behind a fluctuation generator T in the form of a wheel
with pitch diameter 0.6 m and 90 nylon strings of 2 m diameter arranged according to R. Herbst (rotational frequency:
400 min~Y); LE — leading edge of the plate. Hagen number is used as a parameter while the number in parantheses

denotes the angle of incidence



30

M. Hackeschmidt, M. Réssler, H.-D: Hilbrich

Revaluation of transition inception data obtained by R. Herbst in case of accelerated flow (
the zero pressure gradient conditions (Haz; =0)

Table 3

Hay, >'0) onto

/ = Ha,, Re;, Cs s Re,,(0) 10"*Re, | 10°Tu, | 102kTu(0)
1 2 3 4 5 6 g 8
0.01 110 1.005 1.005 107 1.734 4.1 58
0.027 130 1.012 1.013 122 2.252 46
0.03 150 1.013 1.014 140 2,957 3.0 4.1

(2) ¢ = lgRi’(iz(Hflaz)/lgReaz(O)Q

(4) Regy| = 177.1(k Tu)~ 1:696
Joll S

(1) ey = 1.05(cs—0.05¢5 1):
(3) Reyy = 0.66412,/Re,;

region of externally excited turbulence. The free stream turbulence level values obtained for the flow
state of zero pressure gradient (O) listed in column 8 of Table 3 are taken to plot the dotted line in Fig. 3.
This line is expected to be the proper extrapolation of the measured values of R, Herbst.

Appendix 2

The anisotropy factor k behind non-stationary and stationary cylindrical bar cascade

The change of turbulence level and anisotropy factor k in the wake depends substantially on the kind
of the turbulence generator. Generally, the turbulence level can be approximated by the equation
Tiy = ky(s/t)7*2. In case of cylindrical bar cascades two characteristic values of the relative streamwise
length (s/t); marked by (H) and (I) in Fig. 4 — can be distinguished. The values given in Table 4 represent
the validity ranges of k; and k, coefficients. According to F. Klatt [16] the point H of the individual
stationary cylindrical bar cascade separates the region of inhomogeneous turbulence from that of homo-
geneous turbulence. Behind the non-stationary cylindrical bar chain the region of apparently isotropic
turbulence k = 1 begins at point H according to measurements made by A.S. Ginevskij et al. [5].

inhomogeneous| homogeneneous
turbulence turbulence et

15 210 2l5
(S/t)T i @

Fig. 4. Correlation between anisotropy factor k and relative streamwise length behind the turbulence generator being;
a) a non-stationary cylindrical bar chain, b) a stationary cylindrical bar chain consisting of 2 stationary cylindrical bar
screens, ¢) individual stationary cylindrical bar cascades

1
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Table 4

Correlation between turbulence level and relative streamwise length as measured downstream of the

turbulence generator (T) representing non-stationary and stationary cylindrical bar chains, the screen
and the individual cylindrical bar screen

? o oo Relative streamwise K K According to the measure-
; ¥ length range ! 2 ment results obtained by
Non-stationary cylindri- | }3 < (s/t);y < 24 0269 0.240 v
cal bar chain 24 < (s/t); | 0.150 0.075
Stationary chain (2 cylin- | * 3 < (s/t); < 48 0.232 0.642 A. S. Ginevskij et al
drical bar screens situa- i [5] :
ted one after another) :
Screen e ; 03 0.63
Cylindrical bar screen 5.7 < ((s/t); +0.9) 0.42 0.71 F'[lfélj‘“

In case of a stationary cylindrical bar chain, i. e. if 2 stationary cylindrical bar cascades are arranged one
after another, an anisotropic turbulence can be observed up to the point (1) at which a changed regularity
of the turbulence level relationship may be observed behind the non-stationary cylindrical bar chain.
As regards the exponent k,, the non-stationary cylindrical bar chains differ substantially from the statio-
nary cylindrical bar chain, the screen and the individual stationary cylindrical bar cascade. In the latter
case. however, the anisotropy factor k increases degressively with the streamwise length (Fig. 4). As far
2s inflow conditions- in flow machines are concerned the cylindrical bar chain device described by
W. H. Gibson [4] is representative. Here the object to be studied is exposed to turbulence behind
2 single non-stationary cylindrical bar cascade so that thinkable interference phenomena of the wakes
behind two cylindrical bar cascades moving anti-clockwise are excluded. The spoked wheel used by
R Herbst [13] will presumably approach turbulent conditions of the individual non-stationary cylin-
drical bar cascade, but it does not exclude, nevertheless, the existence of interference phenomena of low
intensity so that here an external turbulence anisotropy up to the point (I) of Fig. 4 should be regarded
possible. :

Appendix 3

Standardization of the momentum thickness Reynolds number for transitional
area in the presence of a pressure gradient [10]

For detection of the pressure gradier\n influence on the laminar/turbulent transitional area the Hagen
sumber Ha,, can be used. Due to the fact that the family of transition characteristics describing the
boundary layer on a longitudinally streamlined flat plate (see Fig. 1) provides sufficiently exact informa-
tion material, it scems reasonable to use this data as a reference basis for a flow state without zero
pressure gradient Hag, # 0. ;

Following this approach the momentum thickness Reynolds number Res, is defined as a multiple of
that corresponding to the flow state with zero pressure gradient, that is: .

Res,(Hay,) lgRes,(Has,)
Ky, = ar=t —
Re;,(0) lgRe;,(0)

Due to the fact that the measurement results available have been obtained by means of hot wire anemo-
metry with an intermittency factor of y = 5%, they are marked with the subscript §, i.e.

(1)
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lg(kTi)+1.3516
h g(kTu) +

C,=14+101(Cg—1) )
Ay
with a special relation for the turbulence level area I = SE (Fig. 2);
Cgr=1+15113Has,+2.875Ha3, (3)
and another relation for the turbulence level area 111 = FE (Fig. 2): 7
A = (Cs;—4.6854)0.5358 +1.3516. 4)

The correlation between the quantities ¢ of equation (1) and Cg of equation (2) is given by the approximate
relation [11]:

Crxy(1-Co+Cs. %)
Charakterystyki warstwy przySciennej w strefie turbulizaciji
Streszezenie

Celem wystarczajaco dokladnego zbadania przejicia laminarno-turbulentnego wyznaczonego metoda
warstwy przysciennej, wyniki teoretyczne dotyczace pojawiania si¢ turbulencji porownano z danymi
déswiadczalnymi, uzyskanymi technika usuwania sadzy na plaskiej plytce oraz z roznymi innymi wyni-
kami uzyskanymi przez pomiar lokalnego przekazu ciepla i zastosowanic anemometru z goracym drutem.
Co wiccej, opracowano cksperymentalnic uzasadniona koneepeje modelu wyjasniajacego formowanie sie
1 rozwoj obszarow turbulencji w ulegajacej turbulizacji warstwie przy$ciennej. W wyniku tych badan
uzyskano charakterystyczne zwiazki miedzy liniowa miarg straty pedu, liczba Reynoldsa i poziomem
turbulencji w strudze swobodnej ze wspolezynnikiem przejscia Jjako parametr plaskicj plytki oplywanej
.bez gradientu cisnienia. Ustalono rowniez przebieg charakterystyk wskazujacych na wplyw gradientu
cisnienia na turbulizacje. Wiarygodno$¢ uzyskanych pol charakterystyk moze by¢ zweryfikowana do-
$wiadczalnie, stosujac metode probkowania.

XapaKTepHCTHKH NOTPAHHYHOrO €108 B 30He TYPGY.IH3aLHH
Pesrome

Lle1br0 I0CTATOMHO TOUHOTO W3YUCHHS JAMHHAPHO-TYPGYIEHTHOLO HEPEXo/1a, OonpeaeaEHHOTO Me-
TOAOM [OTPAHUMHOTO €105, TEOPETHYCCKUC PE3Y.ILTATHI OTHOCIMECH K TOSBICHHIO TYpOYIeHIIHM
CPABHHUBAIOTCS C HKCNCPHMEHTATBHBIMI JTAHHBIMU. TIO.IYUCHHBIMU TEXHUKON YCTPAHCHHS CaXH HA TLIO-
CKOH IUIACTHHKE. & TAKKE C PABIMIHBIMU JAPYIUMH PE3y IbTATAME JIOCTUTHYTBIMH T1yTEM H3MEPEHUA
MECTHOH TEIIIONePe/laun U NPUMEHCHIS AHEMOMETPA ¢ TOpsiUel NpoBoIokoil. UTo Gosbiie, paspabo-
Tand, 9KCHCPUMCHTAILHO 0O0CHOBAHHASL H/ICs MOCITH BohiACHs O (OPMUPOBANUS U PAIBHTHE TYp-
GyJCHTHBIX 30H B MO/BEPraroNieMes TYPOYIH3ALMM TIOrPAHHIHOM c1oe. B pesyjibTaTe DTHX HCCIIeT0-
BAHMH MOJIy4CHBI XAPAKTEPHCTUUCCKME 3ABUCHMOCTH ME#ly JTHHEHHOT MEpOH MOTEPH HMITYJIbCA, YH-
oM Pelinonbiica H yPOBHEM TypOYJICHIMH B CBOBOHON CTpye ¢ K03 (UIHCHTOM TIepexo/ia B Kadye-
CTBC MApamerpd IJIOCKOM MIACTUHKH OOTCKacMmoii 6e3 rpauenta gapienns. ONpeiciéH Takke X0
XAPAKTCPUCTHK YKASBIBAIONIMX HA BIMAHHC IDA/EHTA JaBICHMS Ha TypOyImsammo. J0CTOBEPHOCTS
TOJIY4CHHDIX TMOTICH XapakTePUCTHK MOXKET GbITh IPOBEPEHA IKCIEPUMEHTAIIBHO, HOJIb3YSCh METOIOM
JUCKPETH3AIMH. :



