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

David G. Holmberg 
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 

(t) 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 
Flux Microsensor (HFM) was placed on a heated flat plate beneath a 
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 u'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  Geld.  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 
such that heat flux spectra can be determined from the free-stream" 
velocity field. This is evidenced by uq coherence present across the 
boundary layer, as weU as by shnilarity 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 
Nu/Nuo   Ratio of experimental to theoretical Nusselt number 

Nu=hx/k 
x Reynolds number, U«BtxA' 
Enthalpy thickness Reynolds number. 
Momentum thickness Reynolds number. 
Ratio of experimental to theoretical Stanton number for low 
FST turbulent boundary layer, St=h/puc. 
Heat flux turbulence intensity, q7q 
U velocity turbulence intensity, uVu 
Temperature turbulence intensity, f/ftw^-t«,,) 
Surface heat flux, and fluctuating component. (W/cm2) 

Rex 
Re4 

Res 
St/Sto 

Tu, 
TUg 

Tu, 
q.q' 

t* 

u 
u,u' 
u+ 

v, v' 
f 
5*5 
A 
T 

At 

Temperature in boundary layer, and fliictuatmg corrmonenL 
Near-wall ämensionless temperature (Wi)u,pc/q, where 
u,=(Wp)* = (c/2)* * 
Property reference temperature = (t»a Ha« y 2 
Strcamwise velocity, and fluctuating component*(m/s) 
Near-wall dimensionless velocity (uAio») / (c/2)* 
Normal velocity, and fluctuating component (m/s) 
Near-wall dimensionless distance (yum^/v) / (c/2)* 
Boundary layer thickness. 
Integral length scale, (mm) 
Integral time scale, (ms) 
Temperature change across boundary layer, U» - to» 

subscript 
max       Property taken at wall-jet maximum velocity point 

INTRODUCTION 

^ 0?J.
contmuin8 cffort to better understand heat transfer to 

turbine bladmg, much work has been done in recent yean to elucidate 
heat transfer mechanisms and develop correlations to account for the 
eflfccts of wake passing (due to upstream blade rows), transition 

o^T^ ^T b0Undary layer>' frce-strean> **»lence (outside the boundary layer), acceleration (of the flow intte 
narrowmg blade passagesX length scales (some measure of turbulent 
eddy size), Reynolds number, etc. The work has generally fallen into 
fcree areas: transition, wake effects, and freestream turbulence (FSTl 
Heat transfer is known to be highly sensitive to transition, and the 
variable, that control transition are under continued study. The line 

^72 ^f"** °f Wak6S and of FST is ***' because FST after 
tiie first blade row exists only within a wake or between wakes 
Except for the inlet flow to the first blade row, FST is mimarilv 
composed of lower frequency unsteadiness at the blade passina 
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 LabVEW 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), FigJZ. 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) 

HFM-2B-A1N-B from Thermoteq' Division of Vatell Inc) was 
sputtered on an aluminum nitride ceramic disk with approximately 
the same thermal properties as the aluminum bar surrounding it, so 
that there is no thermal disruption due to the sensor's presence The 
HFS consists of a thermopile with 100 pairs of Ni-Nichrome 
thermocouple junctions arranged above and below a thin (0 8um) 
resistive layer so that heat flux is directly output (Holmberg, 1995) 
The RTS is a sputtered platinum wire driven by a 0.1mA current. 
Frequency response of both sensors is better than 100kHz (Holmbere. 
1995). Calibration of the HFS was provided by the manuSer 
(±10% uncertainty on the mean), while the RTS calibration was done 
ui-situ. ^^ 

Velocity measurements were made using a 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- 
wire was a "home-made" wire (on a standard TSI Inc. U-wire probe 
body) with a wire etched down to a 0.5um diameter, and driven in 
constant current mode to measure fluctuating temperature in the 
boundary layer.  The active length is  less  than 0.2mm giving 
resolution 10X that of the split-film. The cold-wire was calibrated uv 
situ immediately after the completion of the test 

The cold-wire and split-film were displaced spanwise, Fig 2 to 

the nearest location to the wall m ->,m«r «T increase at 
showed y of «JLw-l!.        (°;2mni). Velocity measurements 
Zl> *■   ■ T^ ^stortion a» the wall, but it is not clear how 
SmL^"^to^^flOWdi^m^howmucl^S film imbalance due to wall proximity to the lower film. SpM 

The HFS stretches across thefaceofthediskinalineto 
maximize axmh«solution, and passes beneath bothX JitoViS 
cold-wu* probes. As a result, coherence between velocity andS 
flux (uq vq) and between heat flux and cold-wu* tern^r^S 
J—edjt lugi« frequencies due to spanwise^Eg^ 2£ 

above, coherence between velocity and temperature (uT«Hs 
seriously affected by the probe separation, anaHhTL «pedallv 
evident near thewall where lengthscaies are reduced        ^^ 

TIME MEAN RESULTS 

coJSlVl0lty' "^ ^P"*0« P">a« m dimensions wall «ordinates^sbi^mF,^ 
the wake of awaU jet is seen in the u* vs. y* plot Xy" 

WIT.   W-28«C,   and   iw21.8   m/s)   indicating  the   fcrae 

yl0(y-O^nmX The enthalpy thickness (based en . variable 
prcpmy numerical integration) is only 1.0mm, where enthalpy 

£r5rV m, ""^ meMUrc 0f *" «^ contaimngthickneoof 
^boundary lay«. Using air properties «^taKJta» 
based orittje cold-wire temperature, and matching the toglaw to the 
Kays and Crawford (1980) correlation forTnutulent 3SL£ 
(u -5.6 log» y + 4.9), a skin friction value ofc*).0035 was found. 

Fig.1 Wall-jet facility 
FigJ Probe arrangement above HFM 



correlation for the heat transfer coefficient, h (W/m2K) = 22 7 u' 
(m/s). Applymg this to Rivir's data (to the accuracy allowed from his 
figures) as well as to the present data results m agreement between 
the two data sets, with the heat transfer coefficients based on 
respective u both falling approximately 10% below Maciejewskfs 
correlation. ' 

TIME DOMAIN RESULTS 
Some useful information can be gathered by looking at the time 

series across the boundary layer.  Figure 7 shows sunultaneous uvtq 

0 0.05 0.1 0.1S 

Time (s) 
Fig.7 Comparisons of uvtq time series aiy*-10 

-.    26 

0.2 

time traces near wall at v*=10 Not». th» .~-i   ■_       ■ 
*aces wun good -^L^tSa'A" S? 
show hmited coherence, which may be X tofe ™7,h * 
re^luUon of the HFS The v trace ,s n'eaTthe^ &S £J 

2Sto27 ' *—*"** ^-frequency fluctuSTlht 
development of u, v, and t are shown at three points acmL Z 
tejmdary layer in Figs. 8, 9, and 10. Note ^^£ ^ZZ 

^ture üuctuations are strong near the waTbut die out 2, 

Table 1 gives integral time scales. length scales, and turbulence 
intensities across the boundary layer for u. v t ™A „-nTT^ 
turbulent boundary i.yJ^TS^^ ^ £ 1?^ 

y -10, or just above the laminar sub-layer, but does peak nearly« 

—I —      8 

t:evn^ 

0.05 0.1 

Time (s) 

Fif.9 V velocity signal at y+-10,100, and 2600. 

0.15 0.2 

y "2M0 

y*"io« 

0.05 0.1 

Time (s) 
Fig.8 U velocity signal at y*-10,100, and 2600. 

0.05 0.1 

Time (s) 
Fig-10 Temperature signal at y*»10,100, and 2600. 

0.15 0.2 



S, Fig. 13, evidences the large decrease in temperature 
fluctuations across the log-region moving away from the heatedW 
The high frequency fluctuations drop off more, indicating a decrease 
m ^er-scaie temperature variations. This implies the diffusion of 
snidl high-energy eddies originating from near-wall activity (eg 
•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 ,s buned in the Wong Jar wafl 
fluctuations, but evident away from the wall 

S«, Fig. 14, shows the change in the heat flux spectrum as the 

?US T**** aOTSS ^ boundai? laver- Without probe 
disturbance there would be no change m heat flux at the wall but a 
small amount is evident Note the drop off in the spectrum. Thk d™ 
between 10 and 100 Hz of lOdB S^TooSSSfiS 

lower HFS resolution, again giving support to the scaling^ q on u 
fluctuaüons. The 60Hz noise should be disregarded.^^ 

*nH i?^ CXTie ^ ^ COherace "* P**« data in Figs. 15 
Ef ht^\ ""? "^ ^ »T ^&« **■*into the heat transfer mechanism.  As expected, there ,s verTgood 
coherence near the wall and at lower frequencies, with coLSce 

Froq (Hz) 

Fig-11 Uautospectrum across boundary layer 

1000 

Fig. 12 

Fr»q(Hz) 

V autospectrum across boundary layer 

1000 

dropping off with distance from the wall and with ft«,,,««, nr 
a that coherence is nearly zero atTh* frequency. Of note 
y;«2600, but then incS T^y Ty^^J!^ *" 
effect of large scale struct,™*. JMT       y    ^- "^ may be an 
the maxima ^T^FZ^ZV^T ""■*« ^ 
that near the wall aty^W a^Ä    f Vq

l
fbue' one c« « 

«gaals are in phase out "Ä^ ^ £«*£ ^ fluX 

farther if not for probe spatial resolution 2)ZÄ °m 

two signals are in phase only at the DC £KJ£Z £££ 
"»creases, heat flux lags velocity until thev arTnS!^^ 
Phase at 150Hz. But at this point co!LS7» AT °f 

fluctuations have become completely erratic  lÄ      .     ^ 
even faster for points farther frL Z S^Ä*. f"" 
«■ "« ** q ■* « show high col1erenTacr0rLenS

P - 
£th phase lag slowly in^^SS^^C^Sl 
the wate region is coherence lost      ""*"** UOT ™ ««U. Only in 

£1200 and beyond the ^J^ S^ Fig" 
18, reveals that at y*-i200 there a some phase «nSmSf'Ä 
appears  to  support  a "splat"  phenomena'^T^y^ 

Fig. 13 
Fr«? (Hz) 

Temperature autospectrum across boundary layer 

1000 

Fnq(Hz) 

Fig.14 Heat flux autospectrum across boundary layer 

1000 



to convected temperature variations primarily in the u direction It 
seems Lkdy 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 clear 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 A«, ß» al» 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 
and enhancing the mixing of wall fluid into the freestream. This also 
explains the observed scaling of heat transfer on velocity fluctuations. 

CONCLUSION 

The interactions of cold-wire temperature (f) and split-film 
veioc.ty flucüiaüonsju", V) together with surface heat flux 
fluctuations   «,')   from   a   Heat   Flux   Microsensor   have   be£ 

^/Tgftf^XITmU:n,aIly ™ * WaU"jet **"* **** ™** ^ve 
f, ? =Ü^ " aaa ** «^«««nent due to the presence of FST 
that is predicted by existing correlations which base length scale 
effects on the enthalpy thickness. However, similar data from another 
2-Di wall-jet facility gives St/St* s 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'. J 

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 
sfream edd.es of large size and energy reaching deep into the 
boundaryflayer. This „ evidenced by the uq «Aerence present across 
the boundary layer, as well as by the similarity in heat flux and u 
velocity spectra, and by the integral time scale T„ which remains 
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 m relating heat transfer to free-stream phenomena. Or in 
other words, knowledge of the fluctuating velocity field outside the 
boundary layer can be used to determine the frequency spectra of the 
heat flux, as well as mean heat flux levels. 

In summary, wall heat transfer is controlled by the u velocity 
field. Large freestream eddies reaching down into the boundary layer 

A^iJ^   f flUX SpeCtXUm ""^ ^ veloci«y spectrum in its 
istnbution of energy, with similar time scales, and high coherence at 
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