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Introduction

Unsteady boundary-layer flows over the blades 
of turbines and compressors contribute to the loss 
and heat transfer to the blades. Particularly it is 
responsible for earlier laminar-turbulent transition. 
In multistage turbomachinery upstream blades shed 
wakes on following ones. The process of wakes ac-
tion that impinge on blade surfaces is periodic. The 
wake can be identified as velocity deficit in the sta-
tionary frame, whereas as a jet in the frame relative 
to the mean flow. The jet is consider as a positive 
or negative one depending on jet vector sign. Jet 
with vector pointing surface is called positive one. 
The negative jet is considered inversely. 

Tollmien-Schlichting  velocity waves in bound-
ary layer f lows are well known, however their 
presence in the flow disturbed by strong wakes a 
bit less. Generally influence of jet sign direction – 
negative or positive on boundary layer development 
is not clearly distinguish by many researchers. The 
first author who noticed this difference between 
negative jet which causes suction in boundary layer 
and a positive jet which makes enlarged pressure 
was Meyer [1], Fig. 1. Wakes of negative jets make 
earlier laminar transition which was probably for 
the first time reported by Wiercinski [2] and then 
confirmed in detail by Zabski [3] who observed 
diffusion of turbulence form negative jets. How-
ever some reports, for instance Jeon et al [4], 
also indicate a difference of wakes direction with 
respect jet orientation towards the surface, but it 
was no stated explicitly. Consideration of their 
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experimental setup leads to conclusion that their 
counter-clockwise rotation of the squirrel cage gives 
negative jets in terminology of this paper. In the 
same manner their clockwise rotation should give 
positive jets. Of course not every flow disturbed by 
wakes is driven to full turbulence. There can ex-
ist calm region between them if the frequency of 
wakes generation is low. In some circumstances this 
region can originate waves as reported by Stieger 
[5] who identified them as TS waves. This paper 
describes appearance of small waves in accelerating 
(which is an enhancement of previous paper [6]) 
flow behind a wake of negative jet. It is significant 
feature as there is no clear evidence of waves past 
positive jets.

Measurements were carried out in a subsonic wind 
tunnel of low turbulence level that did not exceed 
Tu = 0.08% and the flow in free stream of front of 
test section was  U= 15 m/s. Dimensions of the test 
section were 600×460×1500 mm (width, height, length) 
and the corners were chamfered. Scheme of the test 
chamber, a flat plate and a pendulum mechanism is 
shown in Fig. 2. The plate width, length and height 
are: 600×700×14 mm respectively. The leading edge 
was rounded with a radius 2 mm.  The incidence 
angle was adjusted and for this measurement amounted 
α = -2.44o and -0.44o. That corresponds to flow ac-
celeration over upper surface of the flat:

 
 (1)

and  respectively,  

 J. Zabski, 2013
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where: 
dU
dx

 – velocity gradient along the plate. 

Fig. 1. Wake as a negative (Low Pressure) positive (High 
Pressure) jet in the boundary layer Exeprimental rig and 

instrumentation

That means that for smaller angle the flow was 
of  nearly at constant velocity. Wakes were generated 
by means of a rod of 3 mm diameter which moved 
up and down by means of pendulum mechanism 
mounted in front of the plate. The rod movement 
frequency equaled to f = 4 Hz what gives a period of 
T = 0.25 s for one negative and one positive jet. The 
non-dimensional parameters of wake generation are 
Strouhal number and Φ coefficient:

 

fCSr 0.19
U

= = ,   (2)

 b

U 5.74
U

Φ = = ,  (3)

where: C – plate length,
f – frequency of wakes generation,
Ub –  rod maximal velocity when it is at the 

same height as leading edge of the plate. 
The measurements were made by means of  

StreamLine thermoanemometry system with the 
StreamWare 3.41.20 software and the probe 55P15 
DANTEC. The data were recorded via 12 bit NI 
6040E acquisition card. The sampling rate was 
5 kHz. In order  to synchronize hot-wire output 
with passing wakes for  farther  phase-averaging 
of velocity traces procedure (Dong and Cumpsty 
call it ensemble averaging [7],  other  authors call 
it phase-lock)  a mark signal was recorded when 
the rod was going up  and was in equal height 
with the leading edge of plate. Sample duration 
amounted to t = 10 s for  each point of velocity 
profile. Time averaging was used to obtain mean 
values of velocity and fluctuations profiles as well 
as longitudinal parameters derived from them: skin 
friction coefficient,  shape coefficient,  boundary 
layer  thickness and so on. Phase-averaging yielded 
velocity traces filtered from random disturbances. 
This was done by averaging phase matching points 
of real time velocity traces. The duration of each 
phase-averaged velocity trace was t = 0.25 s and 
that is one period of one negative and one positive 
jet passing. Farther  non-dimensional period τ = 1 
is used for  phase-averaged traces. Measurement 
traverses were located at distances from the leading 
edge: x = 165,  215,  255,  295,  335,  365,  560,  650 
mm which corresponds to Rex = 165677,  218600,  
258355,  303167,  339593,  367920,  570338,  657117 
(K =9.96∙10-8,  α = -0.44o). For  higher  pressure 
gradient (K=3.36⋅10-7): x = 295,  335,  365 mm,  
Rex = 277718,  317720,  346604. Each traverse 
consisted of at least 100 points.

Fig. 2. The flat plate and wake generator 
1 – a thin rod generating wakes, 2 – a flat plate  

1. Results

Time averaged results were typical. Only skin 
friction coefficient distribution is shown in Fig. 3. 
Although flow was strongly disturbed by oncoming 
wakes mean-time parameters remain rather lami-
nar, the same refers to mean velocity profiles, not 
shown in this paper. Only mean velocity fluctuation 
u’/U profiles reveal presence of wakes – a second 
a peak value in the outer zone of layer.  

Fig. 4 and Fig. 5 show phase-averaged velocity 
traces versus non-dimensional period for the dis-
tance from attack edge x = 365 mm for two values 
of accelerating flow coefficient K. There were more 
charts for earlier mentioned travers locations, but 
they were similar to those from Fig. 4, and are not 
presented here.
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Fig. 3. Skin friction coefficient distribution

The upper traces are taken at the edge of layer, 
the lowest ones are in the close vicinity of wall – 

viscous sub-layer. First strong velocity defect is 
due to negative jet, second – positive one. Traces 
behind the positive jet are much smoother than 
traces following the negative jet. For the flow at 
K = 9.96⋅10-08 (α = -0.44o) there are velocity 
waves behind the negative jet. They occupy whole 
mid-jet area or only a part. In Fig. 4 they begin 
shortly after the negative jet and reach the centre 
of calm region between wakes. The waves in Fig. 5 
(K = 3.36⋅10-07, α = -2.44o) seem to have bigger 
magnitude and they are concentrated in narrow 
belt around centre of calm region between wakes. 
In both cases the waves shown start at the vicinity 
of wall – traces of lowest velocity – and end up at 
about U = 12 m/s. Fig. 6 shows  waves range in 
velocity profile. They end up in a trough between 
fluctuation peaks. That may indicate dumping 
effect of external turbulence, taking into account 
that second peak in velocity mean f luctuation 
profile is supposed to be evoked by wakes.

Fig. 4. Phase-averaged velocity traces for slightly accelerating flow K=9.96E-08, 
Rex=367920

Fig. 5. Phase-averaged velocity traces for accelerating flow K=3.36E-07, Rex= 346604
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Some measured frequencies are marked with 
their  Λ values to better  locate them against neutral 
curves. Taking this into account all frequencies lie 
in the region of damp  frequencies. If fact there 
was no laminar-turbulent transition for  described 

Fig. 6. Mean velocity and fluctuation profiles, K=3.36E-07, Rex=346604

flows. The data in Fig. 7 reveals some scatter  that 
depended on which trace was chosen for  frequency 
counting. It seems the real range is wider  and 
spectral analysis is indispensable. Also magnitudes 
should be investigated.

Fig. 7. Frequency of velocity waves on diagram of TS neutral curves

2. Conclusions

Wake-induced transition in boundary layer flow 
along a flat plate was experimentally investigated. 
The wakes were generated by pendulating cylinder 
yielding negative and positive jets by turns on inves-
tigated surface of the plate. Two incidence angle of 
plate were used yielding one slower and one faster 
accelerating flow given by K coefficient.

Mean-time velocity profiles and longitudinal 
parameters (Cf, δ, H) distribution remained close to 
laminar ones. Only mean-time fluctuation velocity 
profiles differed from laminar pattern. Second peak 
in outer zone of boundary layer is an evidence of 
wakes influence of boundary layer.

Phase-averaged profiles are smooth except 
regions of wakes. There is no merging of wakes 
observed and their width grows slowly. The mid-
wake region remained laminar and no turbulence 
diffusion form wakes was noticed.

Behind wakes of negative jets little magnitude 
waves developed till next wake – wake of positive 
jet. The waves occupied the whole mid-wakes area 
or only part. Careful track of velocity traces shows 
waves origin close to the wall and final damping at 
a height where a depression between peaks on mean 
fluctuation is located. When a wake of positive jets 
passes no clear evidence of waves is observed.

Farther study with application of Fourier analy-
sis is desirable. Another important issue is explana-
tion of waves presence only past negative jets.
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Æàáñêè ßöåê. Âîëíû ñêîðîñòè â ïîãðàíè÷íîì ñëîå, âîçìóùåííîì ñïóòíûìè ñëåäàìè 
ïîëîæèòåëüíûõ è îòðèöàòåëüíûõ ñòðóé â óñêîðÿþùåìñÿ ïîòîêå 

Ðàññìàòðèâàåòñÿ ýêñïåðèìåíòàëüíîå èññëåäîâàíèå ïîãðàíè÷íîãî ñëîÿ äëÿ äâóõ çíà÷åíèé 
óñêîðåíèÿ ïîòîêà íà åãî ãðàíèöå. Òå÷åíèå âîçìóùåíî ïðîõîäÿùèìè ñëåäàìè îò êîëåáëþ-
ùåãîñÿ âûøå ïî ïîòîêó ñòåðæíÿ, ñîçäàþùåãî ïîëîæèòåëüíûå è îòðèöàòåëüíûå ñòðóè 
ïîî÷åðåäíî (îòðèöàòåëüíàÿ ñòðóÿ – åñëè ñòåðæåíü äâèæåòñÿ ââåðõ, ñîçäàâàÿ ðàçðåæåíèå 
â ïîãðàíè÷íîì ñëîå íà âåðõíåé ïîâåðõíîñòè ïëàñòèíû, ïîëîæèòåëüíàÿ – åñëè ñòåðæåíü 
äâèæåòñÿ âíèç). Òðàåêòîðèè è îñðåäíåííûå ïî ôàçå òðàåêòîðèè ïîëó÷åíû ñ ïîìîùüþ 
ïåðèîäè÷åñêèõ ôàçîâûõ ìåòîê. Ïðîôèëè ñðåäíåé ñêîðîñòè è ïðîäîëüíûå ðàñïðåäåëåíèÿ 
ñðåäíèõ èëè èíòåãðàëüíûõ ïàðàìåòðîâ îñòàâàëèñü áëèçêèìè ê ëàìèíàðíîìó âèäó. Ôîðìà 
ñëåäîâ íà òðàåêòîðèÿõ ñêîðîñòè áûëà òàêîé æå, íåçàâèñèìî îò íàïðàâëåíèÿ ñòðóè. 
Îäíàêî, â òðàåêòîðèÿõ ñêîðîñòè íàáëþäàëèñü âîëíû, âûçâàííûå ïðîõîæäåíèåì îòðè-
öàòåëüíîé ñòðóè. Îíè ðàçìåùàëèñü â çàòóõàþùåì äèàïàçîíå âîëí Òîëìèíà-Øëèõòèíãà. 
Ïîñëå ïîëîæèòåëüíûõ ñòðóé âîëíû ñêîðîñòè íå íàáëþäàëèñü, â ÷åì è ïðîÿâëÿåòñÿ îñíîâíîå 
ðàçëè÷èå âëèÿíèÿ îáîèõ âèäîâ ñòðóé íà ðàçâèòèå ïîãðàíè÷íîãî ñëîÿ.

Êëþ÷åâûå ñëîâà: ïîãðàíè÷íûé ñëîé, ñëåä, âîëíà, îòðèöàòåëüíàÿ ñòðóÿ, ïîëîæèòåëüíàÿ 
ñòðóÿ, ôàçîâîå îñðåäíåíèå, òðàåêòîðèè ñêîðîñòè.

Æàáñêè ßöåê. Õâèë³ øâèäêîñò³ â ïîãðàíè÷íîìó øàð³, çáóðåíîìó ñóïóòíèìè ñë³äàìè 
ïîçèòèâíèõ ³ íåãàòèâíèõ ñòðóìåí³â ó ïîòîö³, ùî ïðèñêîðþºòüñÿ 

Ðîçãëÿäàºòüñÿ åêñïåðèìåíòàëüíå äîñë³äæåííÿ ïðèìåæîâîãî øàðó äëÿ äâîõ çíà÷åíü 
ïðèñêîðåííÿ ïîòîêó íà éîãî ãðàíèö³. Òå÷³ÿ îáóðåíà ïðîõ³äíèìè ñë³äàìè â³ä ñòåðæíÿ 
ÿêèé êîëèâàºòüñÿ âèùå çà ïîòîêîì, ùî ñòâîðþº ïîçèòèâí³ ³ íåãàòèâí³ ñòðóìåí³ ïî ÷åðç³ 
(íåãàòèâíà ñòðóì³íü - ÿêùî ñòåðæåíü ðóõàºòüñÿ âãîðó, ñòâîðþþ÷è ðîçð³äæåííÿ â ïðè-
ìåæîâîìó øàð³ íà âåðõí³é ïîâåðõí³ ïëàñòèíè, ïîçèòèâíà - ÿêùî ñòåðæåíü ðóõàºòüñÿ 
âíèç). Òðàºêòîð³¿ ³ îñåðåäíåí³ çà ôàçîþ òðàºêòîð³¿ îòðèìàí³ çà äîïîìîãîþ ïåð³îäè÷íèõ 
ôàçîâèõ ì³òîê. Ïðîô³ë³ ñåðåäí³é øâèäêîñò³ ³ ïîçäîâæí³ ðîçïîä³ëåííÿ ñåðåäí³õ àáî 
³íòåãðàëüíèõ ïàðàìåòð³â çàëèøàëèñÿ áëèçüêèìè äî ëàì³íàðíîãî âèãëÿäó. Ôîðìà ñë³ä³â 
íà òðàºêòîð³ÿõ øâèäêîñò³ áóëà òàêîþ æ, íåçàëåæíî â³ä íàïðÿìêó ñòðóìåíÿ. Îäíàê, 
â òðàºêòîð³ÿõ øâèäêîñò³ ñïîñòåð³ãàëèñÿ õâèë³, âèêëèêàí³ ïðîõîäæåííÿì íåãàòèâíîãî 
ñòðóìåíÿ. Âîíè ðîçì³ùóâàëèñÿ â çãàñàþ÷îìó ä³àïàçîí³ õâèëü Òîëì³íà-Øë³õò³íãà. Ï³ñëÿ 
ïîçèòèâíèõ ñòðóìåí³â õâèë³ øâèäêîñò³ íå ñïîñòåð³ãàëèñÿ, â ÷îìó ³ ïðîÿâëÿºòüñÿ îñíîâíà 
â³äì³íí³ñòü âïëèâó îáîõ âèä³â ñòðóìåí³â íà ðîçâèòîê ïðèìåæîâîãî øàðó.

Êëþ÷îâ³ ñëîâà: ïðèìåæîâèé øàð, ñë³ä, õâèëÿ, íåãàòèâíèé ñòðóì³íü, ïîçèòèâíèé 
ñòðóì³íü, ôàçîâå îñåðåäíåííÿ, òðàºêòîð³¿ øâèäêîñò³.




