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WALL-JET TURBULENT BOUNDARY LAYER HEAT FLUX, VELOCITY, AND
TEMPERATURE SPECTRA AND TIME SCALES

David G. Hoimberg
Department of Mechanical Engineering
VA Tech, Blacksburg, VA

David J. Pestian
Aerospace Mechanics Division
UDRI, Dayton, OH

ABSTRACT

The interactions of boundary layer flow temperature fluctuations
(") and velocity fluctuations (u’, v’) together with surface heat flux
fluctuations (q’) have been investigated experimentally in a flat plate
turbulent boundary layer in order to better understand time-resolved
interactions between flow unsteadiness and surface heat flux. A Heat
FluxMicroscnsor(HFM)wvsplaeedonaheatedﬂatplatcbmeatha
turbulent wall jet , and a split-film boundary layer probe was
traversed above it together with a cold-wire temperature probe. The
recorded simultaneous time-resolved w'v't’q’ data can be correlated
across the boundary layer. Results indicate that wall heat transfer
(both mean and fluctuating components) is controlled by the u’
fluctuating velocity field In the presence of high free-stream
turbulence (FST), the heat flux is largely controlled by free stream
eddies of large size and energy reaching deep into the boundary layer,
suchthathcatﬂuxspec&acanbedctcrminedfmmthcfree-meam
velocity field. This is evidenced by uq coherence present across the
boundary layer, as well as by similarity in heat flux and u velocity
spectra, and by the presence of large velocity scales down to the
nearest wall measuring location just above the laminar sublayer.

NOMENCLATURE

NwNu, Ratio of experimental to theoretical Nusselt number,
Nu=hx/k

Rex X Reynolds number, Upex/v

Re, Enthalpy thickness Reynolds number.

Reo Momentum thickness Reynolds number.

StSto  Ratio of experimental to theoretical Stanton number for low
FST turbulent boundary layer, St=h/puc.

Tu, Heat flux turbulence intensity, q’/q

Tu, U velocity turbulence intensity, u’/u

Tu, Temperature turbulence intensity, t*/(twa-tmax)

q.q Surface heat flux, and fluctuating component. (W/cm2)

tt Tanpannminbonndarylaycr,andﬂucuuﬁngwmpmm

t Near-wall dimensionless temperature (twas-t)i¢ pc/ q, where
Ue= (Tt p) = (cy2)*

ta refetcncctcmpemnne=(t...+t....)/2 .

u v’ Streamwise velocity, and fluctuating component. (m/s)

v Near-wall dimensionless velocity (Wiia) / (c#2)*

v,V Normal velocity, and fluctuating component. (m/s)

y* Near-wall dimensionless distance (Yaw/v) / (c2)*

Oses Boundary layer thickness.

A Integral length scale. {mm)

T Integral time scale. (ms)

At Temperature change across boundary layer, tus - tonax

subseript

max Property taken at wall-jet maximum velocity point

INTRODUCTION

In the continuing effort to better understand heat transfer to
nn'bincblading,muchworkhasbeendoncinrecmtywstoelmidate
heat transfer mechanisms and develop correlations to account for the
effects of wake passing (due to upstream blade rows), transition
(from laminar to turbulent boundary layer), free-stream turbulence
(outside the boundary layer), acceleration (of the flow in the
narrowing blade passages), length scales (some measure of turbulent
eddy size), Reynolds number, etc. The work has generally fallen into
thmcarm:msiﬁon,wakceﬁ'ects,andfrmtreamnn'bulm(FST).
Heat transfer is known to be highly sensitive to transition, and the
vuiablathatcontmlu'ansitionmundcrcmtinnadmdy. The line
betweenthceﬂ'ectsofwakuandofFSTishazy,beameFSTaﬁer
theﬁmbhdemwodstsonlywithinawakeorbcmmwaku.
Exneptfortheinletﬂowtotheﬁrstbladcrow,FSTispmnmﬂy
composedoflowerﬁ'equcncymstcadinessatthebladepassing
frequency, and higher frequencies due to the turbulent energy



estimated to be near 10%. Fluctuating heat flux, q’, will not be
affected as surface temperature is not changing.

Four channels with heat flux, u and v velocity, and cold-wire
temperature were sampled by a National Instruments NB-A2150
board with data collected using LabVIEW software. The NB-A2150
samples simultaneously and filters data to remove aliasing. Data were
post processed to convert from volts to calibrated units of heat flux,
temperature and velocity. 8KB at 4kHz were sampled for each
channel at 33 points across the boundary layer. Frequency data
presented here are averaged 128 times.

Heat flux measurements were made using a Heat Flux
Microsensor (HFM), Fig.2. The HFM consists of two sensors: a
surface resistance temperature sensor (RTS) in a serpentine pattern
(0.64cm in length), and a heat flux sensor (HFS, 1.85cm in length)
suttchingacmssthcgagcfwe.'l‘hcl-ﬂ-‘MusedinthaetM(modd
HFM-2B-AIN-B from Thermoteq’ Division of Vatell Inc.) was
sputtered on an aluminum nitride ceramic disk with approximately
thcsmnethamalpmpmiuuthenhminmnbarmmundingit,w
thatthmisnothcrmaldimpﬁonducmthcm’sm. The
HFS consists of a thermopile with 100 peirs of Ni-Nichrome
thermocouple junctions arranged above and below a thin (0.8um)
resistive layer so that heat flux is directly output (Holmberg, 1995).
'IthTSisaspunemdplatinumwiredrivenbyaO.lmAcmx.
Frequency respanse of both sensors is better than 100kHz (Holmberg,
1995). Calibration of the HFS was provided by the manufacturer
(£10% uncertainty on the mean), while the RTS calibration was done
in-situ.

Velocity measurements were made using a8 TSI model 1287
split-film seen in Fig.2. The sensor active length is 2.0mm, thus
allowing resolution 10X that of the HFS, and the ability to see
“mixing-length” scale (~0.1d) boundary layer turbulence. The cold-
wircwasn“home-madc"wim(onastnndardmlnc. U-wire probe
body)withawirectcheddowntoaO.Sumdiamcta,anddﬁvenin
constantcumntmodctommsureﬂucmungtcmpaaminthe
boundary layer. The active length is less than 02mm giving
resolution 10X that of the split-film. The cold-wire was calibrated in-
situ immediately after the completion of the test.

The cold-wire and split-film were displaced spanwise, F ig.2, to

Fig.1 Wall-jet facility

avoid interference of one in front of the other, but this jed to reduced
mhmceductq@sspandmmomuwiubemmpmba
were shown to significantly disturb wall heat flux values when near
the wall. Heat flux measurements increased significantly at probe
locations below Imm due to flow distortion, with a 20% increase at

cold-wire probes. As a result, coherence between velocity and heat
flux (ug, vq)andbetweenhatﬂuxandcold-wiretanm(qt)is
diminishednhigheﬁ'equmcinduetospanvdseamgingm
theHFS,andmthebmmduyhyerpmbauwelLA:mmﬁoned
velocity and temperature (ut, vt) is
saiouslyaﬂ’ectedbythepmbeaepamﬁon,andthiais especially
cvidatnwthcwaﬂwhaelengthwalamreduced.

TIME MEAN RESULTS
Mean velocity, and temperature profiles in dimensioniess wall
coaﬂinamue:hawninfigx.:’omd& The characteristic drop-off in

- yer
based on the cold-wire temperature, and matching the log-layer to the
Kays and Crawford (1980) carrelation for a turbulent boundary layer
(u”=5.6 logio y* +4.9), a skin friction value of ¢0.0035 was found.

Fig.2 Probe arrangement above HFM



correlation for the heat transfer coefficient h Wim’K) = 22.7 v
(m/s). Applying this to Rivir’s data (to the accuracy allowed from his
figures) as well as to the present data resuits in agreement between
the two data sets, with the heat transfer coefficients based on
respective u’ both falling approximately 10% below Maciejewski’s
correlation.

TIME DOMAIN RESULTS
Some useful information can be gathered by looking at the time
series across the boundary layer. F igure 7 shows simultaneous uvtq

_ 8
[

E 0 — -
>

8

q (Wicm?)
[=]
(4]

m,yviyhgoodcohutnce,andsxmilarumescala,whﬂeqmdt

dcvelopmmtofu,v,andtmshownatthreepoimwwthc
boundary layer in Figs. 8, 9, and 10. Notcthatudoanotchangc
much in character above y'=100, while v changes dramatically.
Temperature fluctuations are strong near the wall, but die out away
from the wall.

Table 1 gives integral time scales, length scales, and turbulence
intensities across the boundary layer for Y, v, t, and q. The classic
turbulent boundary layer (low FST) has an eddy size equal to 041y
out to 0.095. Itisclarthatthisisnotthccuchcebymminingthc
Aq (integral length scale) column. Au equals ymax (51mm) already at
y"=10, or just above the laminar sub-layer, but does peak near 0.4y ex
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Fig.7 Comparisons of uvtq time series at y'=10 Fig9 V velocity signal at y*=10, 100, and 2600.
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Fig.8 U velocity signal at Y"=10, 100, and 2600.

Fig.10 Temperature signal at y*=10, 100, and 2600.



Su, Fig. 13, evidences the large decrease in temperature
fluctuations across the log-region moving away from the heated wal].
The high frequency fluctuations drop off mare, indicating a decrease

in smaller-scale temperature variations. This implies the diffusion of
small high-energy eddies originating from near-

wall activity (e.g.

“bursting™), as well as the dominance of larger eddies (lower
frequencies) that are responsible for moving the high enthalpy fluid
away from the wall. 60Hz noise is buried in the strong near wall

fluctuations, but evident away from the wall.

bctwccnlOanleOHzoflOdBandbctwealOOandlOOOHzoflS
dBisequivalcnttothcdmpinmcuvelocityspecumdcpitctbe
Iowa}H-‘Sresoluﬁon,againgivingmpmmthemungofqonu
fluctuations. The 60Hz noise should be disregarded.

Power (dB)

Freq (Hz)
Fig.11 U autospectrum across boundary layer
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Fig.12 V autospectrum across boundary layer

The vq coherence, Fig. 17, shows a complementary profile. The
cohamceinthclowupmofthclog layer is zero, while out at
y"=1200 and beyond the coherence is significant. The vq phase, Fig.
18, reveals that at y*=1200 there is some phase agreement. This
appeaxstnsuypoﬂa“spht"phenommwhqeven:rgyis

20
e —
15 a—yen 10
) T yem100
10 N = yes300
S -~ -~ == yo01200
St ~ — - _yew200
- _‘\\ ~— .
g 04+ * \‘\\
~— « O )
s TN Ts—aal / -
- e @ - /' .
§ 10 -
- -‘\_‘ v
-18 \ S e Ny
20 N . -
25 ‘., 4
e v .l
1 10 100 1000
Freq (Hz)

Fig.13 Temperature autospectrum across boundary layer
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to convected temperature variations primarily in the u direction. It
seems likely that the coherence between q and t is a combination of
large eddies from outside the boundary layer (seen here) and higher
frequency bursts from the wall region (not seen here).

Based on the above discussion it is ciear that whatever near-wall
small-scale activity may be present and responsible for heat transfer
across the lower 4% of the boundary layer (y*<100), outside of this
inner region heat transfer is dominated by large freestream turbulence
reaching deep into the boundary layer and controlling the observed
heat flux. It is also evident that the large increases in heat transfer
over low-FST due to the presence of high-FST are due to these large
freestream eddies reaching into the boundary layer, adding energy
andcnhancingthembdngofwauﬂuidintothcfrmtreaml'hisalso
explains the observed scaling of heat transfer on velocity fluctuations.

CONCLUSION

The interactions of cold-wire temperature (t’) and split-film
velocity fluctuations (u’, v') together with surface heat flux
fluctuations (q’) from a Heat Flux Microsensor have been
investigated experimentally in a wall-jet facility. Mean results give
SUSty =1.2 which is near the enhancement due to the presence of FST
thmispxedictedbycdsﬁngomrdaﬁonswhichbaselmgthwalc

2-D wall-jet facility gives St/St, = 2.0. This disagreement is resolved
by dismissing St correlations, based on mean velocity, and instead
basing the heat transfer coefficient strictly on the fluctuating velocity
component, u’.

This scaling of heat flux on velocity fluctuations is seen not only
in the mean heat transfer, but also in time-resolved measurements. In
the presence of high FST, the heat flux is largely controlled by free
streameddiwoflargesizeandmcrgymchingdecpinmthc
boundary layer. Ihixisevidmcedbytheuqcoha'enceprcsmtm
theboundarylaycr,aswellubythcsimilarityinheatﬂuxandu
vclocityspecun,andbytheint:gmlﬁmcscalet..whichrcmains
nearly constant across the boundary layer even at the nearest wall
measuring location just above the laminar sublayer. Whatever small-
scale wall activity (e.g. “bursting”) that may be present is not
relevant in relating heat transfer to free-stream phenomena. Or in
other words, knowledge of the fluctuating velocity field outside the
boxmdarylaycrcanbcmedtodctcrmincthcﬁ'equcncyspectmofthc
heat flux, as well as mean heat flux levels.

Insummaxy,wauhmtmsferiscontrolledbytheuvelodty
field. Large freestream eddies reaching down into the boundary layer
causcnwwauﬂuctuaﬁonsinu,uweuumixinginthcbotmdary
laya.mehemﬂuxspecmnnmatchathevelocityspecmmiu
distribution of energy, with similar time scales, and high coherence at
the wall.
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