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VELOCITY WAVES IN THE BOUNDARY LAYER DISTURBED
BY WAKES OF NEGATIVE AND POSITIVE JETS IN
ACCELERATING FLOW

Experimental boundary layer investigation was performed for two values of velocity acceleration
at the edge of layer. The flow was disturbed by oncoming wakes from a pendulating upstream rod
yielding negative and positive jets in turn (negative jet if the rod goes upwards making suction in
boundary layer on the upper surface of the flat plate, positive jet — the rod goes downward).
Velocity traces and phase-averaged velocity traces were obtained using periodic phase mark.
Mean velocity profiles and longitudinal distribution of mean or integral parameters stayed
close to laminar pattern. The shape of wakes on velocity traces were these same regardless of
Jjet direction. However, past negative jets velocity waves were observed on velocity traces. They
were placed in the damped region of Tollmien-Schlichting waves. Past positive jets there was no
evidence of velocity waves, which is main difference between influence of both kind of jets on

boundary layer development.
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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 flows 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 600x460x1500 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: 600x700x14 mm respectively. The leading edge
was rounded with a radius 2 mm. The incidence
angle was adjusted and for this measurement amounted
o = -2.440 and -0.440. That corresponds to flow ac-
celeration over upper surface of the flat:

v
U? dx
and K =9.96-10"° respectively,

=3.36-1077 (1)
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where: C(ll—U — velocity gradient along the plate.
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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 @ coefficient:

where: C — plate length,

f — frequency of wakes generation,

U, — 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 datawere 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 t = 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 Rey = 165677, 218600,
258355, 303167, 339593, 367920, 570338, 657117
(K =9.96:10-8, o = -0.440). For higher pressure
gradient (K=3.36-10"7): x = 295, 335, 365 mm,
Re, = 277718, 317720, 346604. Each traverse
consisted of at least 100 points.
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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.
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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 —

U [mfs]

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 (oo = -0.440) 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, oo = -2.440) 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 fluctuation
profile is supposed to be evoked by wakes.

wake of positive jet

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

wake of negative jet
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wake of positive jet

Fig. 5. Phase-averaged velocity traces for accelerating flow K=3.36E-07, Re,= 346604
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Fig. 6. Mean velocity and fluctuation profiles, K=3.36E-07, Re,=346604

Some measured frequencies are marked with
their A 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

flows. The datain 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.
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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, 8, 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.
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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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2Kaocku Sluek. BoJiHbI CKOPOCTH B IOTPAHUYHOM CJIO€, BO3MYIIEHHOM CIY THBIMH CJI€AaMH
MOJIOKMTEIbHBIX W OTPUIATEIBHBIX CTPYH B YCKOPSIOMIEMCS MOTOKE

Paccmampueaemcs sxcnepumenmansHoe uccaed0o8anue NOePaHuuHo20 CA0s 045 08yX 3HAYeHUL
YCKOpeHus nomoka Ha eeo epanuye. Teuenue 803MyujeHo npoxoosuumu caedami om Koneonro-
We20cs Golle N0 NOMOKY CIEPIICHs, CO30aruLeeo noA0JNCUMeNbHble U OMPUYamenbHsle Cmpyu
noouepeoro (OMpUUAmenbHas Cmpys — ecau CmepiIceHb 08UNCEMCA 88epX, c030asas paspelceHue
8 NO2PAHUMHOM CA0e HA 8epXHell NOBEPXHOCMU NAACMUHbL, NOA0ICUMENbHAS] — eCAU CIEPICEeHb
dsuncemces 6Hu3). Tpaekmopuu u ocpedHenHvle no (ase mMpaeKmopuu NoAYHeHbvl ¢ NOMOULLIO
nepuoduueckux ghazosvix memok. Ilpoghuau cpeduneii ckopocmu u npodoasHvle pacnpedeneHus
CPEeOHUX UAU UHMESPANbHBIX NAPAMEeMPO8 0CMABANUCH OAUSKUMU K AAMUHAPHOMY eudy. Popma
c1edoé Ha MpaeKmopusix CKOPOCmu Oblaa MAKOU Jce, He3a8UCUMO OM HANPAGAeHUs CHpPYU.
Oduako, 6 mpaekmopusx cKopocmu Ha0AO0AAUCh BOAHbL, BbI3GAHHbIE NPOXONCOCHUEM OMPU-
yamenwvHoti cmpyu. OHu pazmeuwjanuce 8 3amyxarouem ouanasone 6oan Toamuna-lllauxmunea.
Tlocae noaoscumenvrbix cmpyil 80aHbI CKOPOCMU He HAOAOAAUCH, 8 eM U NPOSI8ASEMCS OCHOBHOE
pazautue aUsAHUS 000UX 8U008 cMpyll HA pazgumue NOSPAHUYHO2O CAOSL.

Karoueesie caoea: nozpanuynblil cioli, cied, 60AHA, OMPULAMENbHAS CIPYSL, NOAOHCUMEAbHASL
cmpys, (hazoeoe ocpednerue, mpaeKmopuu cKopocmu.

Kaocku fAuek. XBUJi IBUAKOCTI B IOrpAHUYHOMY Iapi, 30ypeHOMY CyNy THUMH CJIiaMu
MO3HTHBHUX i HETATHBHUX CTPYMEHIB Y NMOTOILi, O MPUCKOPIOETHCS

Pozensdaemocsa excnepumenmanvre 00CAIONCEHHS NPUMENCOB020 WIAPY 015 080X 3HAYEHb
NPUCKOPeHHs1 NOMOKY Ha toeo epanuyi. Teuis oOypena npoxionumu caidamu 6i0 cmepicHs
AKUU KOAUBAEMbCA 8UUe 34 NOMOKOM, W0 CIMEOPIOE NOUMUBHI | He2AMUBHI CMPYMEHI no Yep3i
(Heeamuena cmpyMinb - AKUO CMEPIHCEHb PYXAEMbCA 820pY, CMEOPIOIOUU PO3DPi0JCeHHA 6 Npu-
MEJCOBOMY Wlapi Ha 6epXHIll NOGEPXHI NAACMUHU, NOZUMUBHA - AKUWIO CMEPICeHb PYXAEMbCA
6nu3). Tpackmopii i ocepedneni 3a gpazoro mpackmopii ompumani 3a 00NOMO20H0 NePioOUUHUX
gazoeux mimok. Ilpoghini cepeduiii weuokocmi i no3008xcHi po3nodineHHs cepedHix abo
iHMe2panbHuxX napamempie 3aiumaiucs 0Au3bKumu 00 aaminaproeo eueasndy. Popma caidie
Ha MpaeKmopisx weuokocmi 6yaa maxorw ¢, He3anexncHo 6id Hanpsamky cmpymens. O0Hak,
8 MpPAEKMOPIAX WUOKOCMI CHOCMEPieanucs Xeuni, UKAUKAHI NPOXOONCCHHAM He2amueHO20
cmpymens. Bounu posmiwysanucs é 3eacarouomy dianazoni xeunv Toamina-Illnixminea. Ilicas
NO3UMUBHUX CIMPYMEHI6 X6UT WeUOKOCMI He CnOCMepieanucs, 8 YoMy i nposA6AsAE€mbCsa 0CHOBHA
8IOMIHHICMb 6NAUBY 000X 6U0I6 CIPYMEHI8 HA PO3BUMOK NPUMEICO8020 ULapy.

Karwwuogi caosa: npumexncosuti wap, caio, xeuas, HeeamueHuli CMpyMiHb, NO3UMUGHUL
CcmMpyMiHb, (azoee ocepeoHeHHs, MPaeKkmopii weuoxocmi.
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