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ABSTRACT

The objective of this program is to experimentally investigate the flow and thermal structures
in transitional boundary layers with both favorable and adverse pressure gradients at elevated
free-stream turbulence (FSTI between 3% to 7%). The experiments were performed in a low-
speed, open-circuit, blowing type wind tunnel. A uniformly heated wall was used as the test
surface. The experimental parameters (FSTI, roughness, and streamwise pressure gradients) were
then systematically varied to study their individual and combined effects on the thermal and
flow structures in the laminar-turbulent transition process. A specially designed miniature
three-wire probe was used to measure the flow and thermal structures in the boundary layer
including the Reynolds stresses, Reynolds heat fluxes, turbulent Prandtl numbers, eddy
diffusivities, and turbulent thermal diffusivities within the transitional and turbulent boundary
layers. Conditional sampling techniques were applied to investigate the intermittent thermal and
flow behaviors in the transitional boundary layers. Spectral analysis was conducted. The primary
conclusions from each part of the investigation are summarized in this report. Corresponding
papers are attached for detailed information.

OBJECTIVE

The objective of this program is to experimentally investigate the flow and thermal
structures in transitional boundary layers with both favorable and adverse pressure gradients at
elevated free-stream turbulence (between 3% to 7%). This program focuses on the mechanisms
of fluid dynamics and their relation to thermal transport in bypass transition, which is different
from conventional studies in natural transition.

The results of this program are expected to be useful for improving modeling of laminar-
turbulent transitional flow and heat transfer. The ultimate impact is to improve the prediction of




heat transfer on gas turbine blades and vanes such that the thermal performance of future
aeroengines can be augmented, the reliability of hot-section components can be improved, and
maintenance can be reduced.

APPROACH

The experiments were conducted in an open-circuit, blowing type wind tunnel. The test
section had an aspect ratio of six, so the flow can remain two dimensional in the centerspan. A
pliable heated test wall was designed with 180 thermocouples. Various hot wire sensors were
designed to measure Reynolds stresses, Reynolds heat fluxes, Turbulent Prandtl numbers, and
vorticities. Coarse grids were used to generate various levels of free-stream turbulence intensities
(FSTI) up to 7 %. One test wall was used to control the pressure gradients inside the test section.
The baseline case was first conducted with zero pressure gradient and at low FSTI condition. The
experimental parameters (FSTL, roughness, and streamwise pressure gradients) were then
systematically varied to study their individual and combined effects on the thermal and flow
structures in the laminar-turbulent transition process. Conditional sampling techniques were
applied to investigate the intermittent thermal and flow behaviors in the transitional boundary
layers. This systematic approach is summarized below.

Subjects Paper Reference No.
Baseline cases 1
Elevated free-stream turbulence intensity (FSTI) 2
Favorable pressure gradient 3
Combined FSTI and favorable pressure gradient 4
‘Spectral analysis of transitional flow 5
Development of a conditional sampling technique 6
Conditionally sampled accelerating flow 7.8
New conditional sampling technique for high FSTI flow 9
Adverse pressure gradient (attached flow) 10,11
Surface roughness 12

The results of data taken through the upgraded equipment are beneficial to the users in the
following aspects:

a. Onset and end of transition in terms of Re,, Res*, and Rey under various free-stream
turbulence levels.

b. Turbulent spot production rates.
C. Intermittency distributions in the boundary layer and in the streamwise direction.
d. Conditionally-sampled flow and thermal structures from the non-turbulent and turbulent

portions of the transitional flow. This includes mean velocity, mean temperature,
Reynolds stresses (u'2, v'2, and uv) and Reynolds heat fluxes (vt, ut).




€. Experimental values for turbulent thermal diffusivity, eddy diffusivity, and turbulent
Prandtl number (Pry) in the transitional and turbulent heated boundary layers at various

pressure gradients and free-stream turbulence levels.

f. Heat-transfer coefficient (Stanton Number) and skin-friction coefficient (Cf) in the
transition region.
g Spectral information for both power spectrum and thermal energy spectrum in

transitional flow including integral and dissipation lengths.

EXECUTIVE SUMMARY

The flow and thermal structures of a two-dimensional heated boundary layer undergoing
natural or bypass transition from laminar to turbulent flow were investigated in detail. The
experiments were performed in a low-speed, open-circuit, blowing type wind tunnel. A
uniformly heated wall was used as the test surface. 185 thermocouple wires were embedded in
the test wall for measuring wall temperatures and Stanton numbers. A specially designed
miniature three-wire probe was used to measure the flow and thermal structures in the boundary
layer including the Reynolds stresses, Reynolds heat fluxes, turbulent Prandtl numbers, eddy
diffusivities, and turbulent thermal diffusivities within the transitional and turbulent boundary
layers. The primary conclusions from each part of the investigation are summarized below.

Summary of the Baseline Case

The baseline case with low FSTI and zero pressure gradient on a smooth surface was
conducted. The transition onset for the baseline case occurred at Rex = 5.5 x 105 (Reg = 492)
which is earlier than the transition onset for a free-stream turbulence intensity (FSTI) value of
0.5% predicted from correlations. Apparently, factors other than FSTI influence transition onset.
Onset of transition was taken as the point of minimum skin friction (and/or Stanton number).
Measurements of the Reynolds normal stress indicated that the flow in the transition region is
much less isotropic than the flow in a fully turbulent boundary layer. The Reynolds shear stress

was shown to be generated within the boundary layer‘ (Yt =70 ~ 100) and imposed on the wall
shear. Mean temperature profiles lagged in development compared to the mean velocity profiles
and the values of the Reynolds analogy factor, 2St/Cy, in the late-transition early-turbulent region

were lower than the 1.2 value known to apply to the high-Reynolds-number turbulent flow.
These results indicate a slower response of heat transport in this region compared to that of
momentum transport.

The streamwise gradients of the streamwise Reynolds normal stress, 0 w2/ & x , and the

streamwise Reynolds heat flux, 0 ut/ 8x, were shown to be of significant magnitude in the
transition region and should not be ignored in transitional flow models when computational




methods are used. The profiles of Reynolds cross-stream heat flux showed negative values in the
near wall region. The region of negative vt narrowed as the flow proceeded downstream. These

negative values of vtin a flow with a negative mean temperature gradient result in negative eddy
thermal diffusivity and negative Pr;, which are not physically appropriate. It is speculated that

the negative values might be caused by the size of the sensor and the three-dimensional behavior
of transition. The difference between eddy viscosity and eddy thermal diffusivity distributions
reflected the apparent disparity between turbulent momentum and thermal transport mechanisms
in the transitional boundary layer.

Summary of the Streamwise Accelerating Cases

Streamwise acceleration was shown to delay the point of transition onset both in terms of
physical distance, x, and Reynolds number based on x. The transition onset momentum
Reynolds number, Regs, was relatively insensitive to acceleration. In general, the physical length

of transition increased with increasing K ( E%%Il). This was supported by the boundary layer
X

thickness and integral parameters which indicated that an increasing favorable pressure gradient
suppresses boundary layer growth and development through the transition region. The Reynolds

normal stresses were suppressed in the near-wall region (Y1 < 50) relative to the baseline case as
K increased. This was believed to be caused by a thickening of the viscous sublayer relative to
the boundary layer thickness. The lag that was observed between the mean temperature profiles
and the mean velocity profiles for the baseline case became more pronounced with increasing K.
Comparison of the evolution of RMS temperature fluctuations to the evolution of Reynolds
normal stresses indicated a lag in the RMS temperature fluctuations. This supported the
observation from the mean temperature and velocity profiles that the thermal transport lags
behind the momentum transport in the transition region and that the effect is more pronounced as
K increases.

Summary of the Conditional Sampling Technique

Nine different criterion functions were investigated for conditional sampling technique.
Criterion functions based on correlations schemes consistently resulted in intermittency values
0.14 to 0.38 lower in the outer boundary layer region (y/6*> 4.0) than the values found from
single signal schemes. No differences were found using the temperature based criterion function
to support the use of a separate thermal intermittency factor in accelerating flows. Inherent
differences were shown to exist between each criterion function's turbulence recognition
capabilities. Each criterion function weights different areas within a turbulent spot. As a result,
different criterion functions may result in the same overall intermittency factor, but analysis of
the turbulent and non-turbulent portions would not always yield the same result.

A criterion function based on Reynolds stress, (0 uv/ &1)2, resulted in the sharpest
demarcation between turbulent and non-turbulent portions of the flow. This criterion function
also had a negligible variation of threshold value throughout the transition region with the lowest
sensitivity of the resultant intermittency to the variation of the threshold. These results indicate
that using the Reynolds shear stress for turbulent/non-turbulent discrimination in a heated
transitional boundary layer is superior to a single velocity or temperature scheme. The




intermittency across the boundary layer for the baseline and each accelerating case were
obtained. Peak values in intermittency for the early to mid-transitional regions were found to
occur away from the wall at approximately y/8 = 0.3 for the baseline case and three accelerating
cases. To match the universal intermittency distribution of Dhawan and Narasimha (1958), the
values of intermittency at the near-wall minimum y/8 = 0.1 should be used as the representative
"near-wall" values.

Summary of the Conditional Sampling Results of Low Turbulence Cases

The conditionally sampled distribution of the skin friction coefficients revealed that values for
Cr in the non-turbulent and turbulent portions significantly deviated from the respective laminar

and turbulent correlations. Reconstructing the local overall Cs value using the laminar and

turbulent correlations consistently overestimates the experimentally determined unconditioned
Cgvalues. The results indicate that a single representative near-wall intermittency value may not

be the characteristic property for the transition region and that the intermittency variation across
the boundary layer may play a more important role than previously thought. Evaluation of the
conditionally sampled momentum thickness confirmed that the higher loss of momentum in the
transition region is a direct result of the turbulent portion of the boundary layer. The mean
velocity profiles from the turbulent portions had the appearance of a low-Reynolds-number
turbulent boundary layer with a large wake region. In the late transition region, as K increased,
the wake region in the turbulent portion was suppressed relative to the unconditioned result.

The increased magnitude of the streamwise Reynolds normal stress was discovered to be a
direct result of the fluctuations in the turbulent portions and not a result of the "mean-step”
contribution. The “mean-step” change indicated the step change between the turbulent and non-
turbulent mean values. The peak intensity of the streamwise Reynolds normal stress in the
non-turbulent portion was suppressed at an earlier stage as K increased. The Reynolds shear
stress was normalized by the individual Cg values obtained for each portion. The peak

magnitudes of Reynolds shear still exceeded the wall shear but not by the magnitudes previously
seen. The results indicated that the turbulent shear was generated in the boundary layer at Y"
~100 and imposed on the wall shear and that the "mean-step" contribution was negligible. As K
increased, uv in the turbulent portion was more uniformly distributed through the inner boundary
layer than the unconditioned results. The peak intensity in the RMS temperature fluctuations in
the non-turbulent portions increased in magnitude relative to the unconditioned data and the
values in the turbulent portion at Y =100. These values eventually became greater than the
turbulent and unconditioned values in the late transition region. The streamwise Reynolds heat
flux in the turbulent portion increased in magnitude as K increased.

Conditionally Sampled Results of Elevated FSTI Cases

In the elevated FSTI condition, the laminar flow is highly disturbed. The stage of linear
instability amplification, triggered by infinitesimal disturbances, is bypassed. The nonlinear
instability, triggered by finite-amplitude disturbance, dominates. This is called bypass transition.
Due to the highly disturbed condition in the laminar part, the turbulent and nonturbulent parts of
the transitional flow become difficult to discern. Because of this, the conventional sampling




technique of applying the "dual-slope" method to the distribution of the accumulative probability
function encounters difficulty. A modified method, using one slope on the accumulative
probability chart to determine the threshold, was made. This modified method was convenient to
apply and was also theoretically verified. The results showed that using the Reynolds stress
signal (uv) instead of u' signal can enhance the certainty for demarcating the turbulent and

nonturbulent signals. This implies that using the turbulence transport behavior (\_1—\—') is much
superior to using the turbulence energy (u'2) for separating the turbulent and nonturbulent
signals.

As shown in Fig.3, the conditionally sampled results indicated that the both components of
turbulence energy (u' and v'), t', and ut are high in the nonturbulent part --- this is contrary to the

low FSTI cases; whereas, the Reynolds momentum and thermal transports (uv and vt) are low
in the nonturbulent part --- this is similar to the low FSTI cases. This implies that although the
velocity trace of the non-turbulent part was hardly distinguishable from the turbulent part in high
FSTI situations, the flow and thermal transport mechanisms of the non-turbulent part were
distinctively different from the turbulent part.

Spectral Analysis

A spectral analysis was conducted for both turbulence power spectra, as well as thermal
power spectra, for heated transitional boundary layers at FSTI of 0.5% and 6.4%, respectively.
The power spectra of u', v' and t' as well as their cospectra (u—v, ut, —\;t) were analyzed. The
spectral analogy and the differences between the momentum and the thermal transports were
investigated. The results showed that the location of maximum turbulence production (y/3 ~ 0. 1)

coincided with the peak location of u'; whereas, the region of high turbulent shear (y/6 ~ 0.35)
produced little turbulence energy. The power spectrum of t' was mostly correlated with u' in the
early to middle transitional flow, but it was significantly correlated with v' in the late transitional
and early turbulent flow regions. The dissipation power spectra for both u' and v' evolved faster

than their turbulence power spectra. vtis transported by smaller eddies than is ut. A
hypothetical energy transfer process during laminar-turbulent transition was proposed.

Adverse Pressure Gradient (Decelerating) Cases at Low FSTI

The effects of adverse pressure gradients on the thermal and momentum characteristics of a
heated transitional boundary layer were investigated with free-stream turbulence ranging from

v dU_
2

0.3 to 0.6 percent. The acceleration parameter K (= ) was kept constant along the test
section. Both surface heat transfer and boundary layer measurements were conducted. The
boundary layer measurements were conducted with a three-wore probe (two velocity wires and
one temperature wire) for two representative cases, K1 =-0.51 x 10 and K2 = -1.05 x 10, The
surface heat transfer measurements were conducted for K values ranging from —045 x 10 to —
1.44 x 10® over five divergent wall angles. The Stanton numbers of the decelerating cases were
greater than that of the zero-pressure-gradient turbulent correlation in the low-Reynolds-number
turbulent flow, and the difference increased as the adverse pressure gradient was increased. The
adverse pressure gradient caused earlier transition onset and shorter transition length based on

6




Re,, Res*, and Rey in comparison to zero-pressure-gradient conditions. As expected, there was a
reduction in skin friction as the adverse pressure gradient increased. In the U'-Y" coordinates, the
adverse pressure gradients had a significant effect on the mean velocity profiles in the near-wall
region for the late-laminar and early transition stations. The mean temperature profile was
observed to precede the velocity profile in starting and ending the transition process, opposite to
what occurred in favorable pressure gradient cases in previous studies. A curve fit of the
turbulent temperature profile in the long-linear region for the K2 case gave a conduction layer
thickness of Y* = 9.8 and an average Pr, = 0.71. In addition, the wake region of the turbulent
mean temperature profile was significantly suppressed.

The fluctuation quantities, u', v', and t', the Reynolds shear stress (ﬁ; ), and the Reynolds heat
fluxes (ut,vt) were measured. In general, u'/Us,, V/U, and vthave higher values across the

boundary layer for the adverse pressure gradient cases than they do for the baseline case (K = 0).
The development of v' for the decelerating cases was more actively involved than that of the
baseline case. In the early transition region, the Reynolds shear stress distribution for the K2
case showed a near-wall region of high turbulent shear generated at Y " =7. At stations farther
downstream, this near-wall shear reduced in magnitude, while a second region of high turbulent
shear developed at Y = 70. For the baseline case, however, the maximum turbulent shear in the
transition region was generated at Y' = 70, and no near-wall high shear region was seen.
Stronger adverse pressure gradients appear to produce more uniform and higher t' in the near-
wall region (Y* < 20) in both transitional and turbulent boundary layers. The instantaneous
velocity signals did not show any clear turbulent/non-turbulent demarcations in the transition
region. Increasingly stronger adverse pressure gradients seemed to produce large non-turbulent
unsteadiness (or instability waves) at a similar magnitude as the turbulent fluctuations such that
the production of turbulent spots was obscured. The turbulent spots could not be identified
visually or through conventional conditional sampling schemes. In addition, the streamwise
evolution of eddy viscosity, turbulent thermal diffusivity, and Pr; were also measured.

Conditional Sampling for Adverse Pressure Gradient (Decelerating)Cases at Low FSTI

The amplification rate of instability under the influence of adverse pressure gradient is much
larger than at the zero-pressure gradient condition. The instantaneous velocity traces do not
indicate any visible turbulent wave packets. Several existing conditional sampling techniques
have been tried. The results are not conclusive. Efforts are continuing in search of an appropriate
conditional sampling technique for adverse pressure gradient cases.

Effect of Leading Edge Roughness

An experimental study was undertaken to gain insight into the physical mechanisms that
affect the laminar-turbulent transition process downstream of the leading-edge roughness
condition. In order to simulate the randomly distributed roughness located near the leading edge
of the turbine blade, 1200, 180, and 40 GRIT sandpaper strips were adhered to the leading edge
of the test surface. Similarly, 0.762, 1.59, and 2.31 mm diameter cylinders were chosen to
simulate the relatively isolated peak nature of the roughness structure. A total of eight different
leading-edge conditions and 56 test cases were examined. The roughness Reynolds number




ranged from 2 to 2840. Tests were also conducted by using a smooth strip of tape at the leading
edge to determine the relative effects of the sandpaper backing and the actual roughness of the
sandpaper. All of these leading-edge conditions were compared to the undisturbed leading edge.

Overall, greater maximum roughness height was observed to induce greater enhancement of
the surface heat transfer than the undisturbed case. Depending on the free-stream velocity and
the distance from the leading edge disturbance, the enhancement ranged from negligible to
200%. At low free-stream velocities (U, = 5 m/s), the maximum roughness height was the
primary contributor to deviations observed from the undisturbed case, irrespective of the
roughness geometry. At higher free-stream velocities, 5-7 m/s, the Stanton number versus Rex
correlation exhibited dual slope region between the typical laminar and turbulent correlations,
also irrespective of the roughness geometry. Although the first slope was significantly different
from the laminar correlation (as much as 88% higher), inspection of the mean velocity profiles,
RMS fluctuations, Reynolds shear stress, and instantaneous velocity signals indicated that the
boundary layer was pre-transitional in this region. The second segment of the dual-slope Stanton
number distribution was steeper than the first and the junction between these two segments was
determined to be the approximated onset of boundary layer transition.

Development of Various Three-Wire Sensors for Reynolds Heat Fluxes Measurements

The equipment and instrumentation associated with this project was previously supported
by a DEPSCoR Equipment program (Grant No. F49620-93-1-0533). This equipment
program contributed the design and fabrication of the following sensors to be used in the
present program:

a. A special, custom-made, three-wire miniature sensor was designed and built to measure

Reynolds stresses (E) and Reynolds heat fluxes (1_1£ and %) in transitional and
turbulent boundary layers.

b. A three-wire sensor was specially designed and custom made to measure spanwise
Reynolds heat flux (wt) and spanwise Reynolds normal stress (w'). The information

obtained from wt and W' is necessary to check turbulence energy and turbulent thermal
energy closure of a transitional boundary layer flow.

c. A rake of six wire sensors was designed and fabricated to measure the spatial correlation
and coherent structures across the transitional boundary layers.

Development and Evaluation of the Six-Wire Vorticity-Temperature Sensor

A complex six-wire vorticity-temperature sensor was fabricated with the support by a
previous DEPSCoR Equipment program (Grant No. F49620-93-1-0533). The vorticity sensor
part of this miniature six-wire sensor was designed based on the probe made by Eckelmann et al.
(1977) but much smaller. The measurement volume of this probe is 2.03 mm x 1.19 mm x 2.25
mm. This six-wire probe can directly measure the three-dimensional mean and fluctuating
quantities of velocity, temperature, Reynolds stresses and Reynolds heat Fluxes. Using Taylor's




Hypothesis, it can also measure the mean and fluctuating quantities of all three components of
vorticity as well as the vorticity-temperature correlations.

Since no existing data can be used to qualify all the parameters, a data evaluation process was
conducted in the wake behind a 2-D cylinder cross-flow. The results show that the six-wire probe
successfully determined the trend of the flow past the cylinder. However, the interpretation of the
measured values of the three components of vorticity required an extreme caution. A careful
analysis of the vorticity results indicated that it is not necessarily good for spacing between the
sensors to be too close. The inherent measurement uncertainty can be amplified by the closeness
of the sensors and introduce false vorticity values. For a meaningful application of a six-wire
vorticity-temperature probe, it is crucial that the vorticity and its fluctuation scales of the test

- flow field be created to match the probe size, or a probe size and sensor spacing be appropriately
designed for measuring a given vorticity field.
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Flow and Thermal Structures
in a Transitional Boundary Layer

Ting Wang
F. Jeffrey Keller
Dadong Zhou

Department of Mechanical Engineering,
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Clemson, South Carolina

m A three-wire probe was specifically designed and fabricated to measure
the flow structure and the thermal field in transitional and low Reynolds
number turbulent flow. In addition to the skin friction coefficient and
Stanton number on the surface, detailed measurements were made of the
mean and fluctuation quantities of the flow and temperature fields in the
boundary layer. The evolution of the uv profiles indicates that turbulent
shear is generated near Y*= 70-100 and imposes itself on the wall within
the boundary layer. ut, Uf, &y, £y, and Pr, were measured near the end of
transition and in the turbulent flow region. Pr, is shown to be greater than
the typical value of 0.9 in the near-wall region. The Reynolds analogy
factor (2 St/C;) in the early turbulent flow region is approximately
0.9, which is lower than the typical value of 1.2 for turbulent flow. The
data presented in this paper serve as the baseline for a series of consec-
utive studies related to investigating various parameters that affect

laminar—turbulent transition.

Keywords: transitional flow, Reynolds stress, Reynolds heat flux,
turbulent Prandtl number

INTRODUCTION

Boundary layer transition from laminar to turbulent flow
has been recognized as an important feature in the
through-flow of a gas turbine [1-3]. Recognizing and
understanding the fundamental mechanisms involved in
transitional convective heat transfer are the keys to im-
proving heat transfer modeling and enhancing the accu-
racy of thermal load predictions for gas turbine blades.
In the turbulent boundary layer, thermal transport is
treated as a passive process that is predominantly con-
trolled by the mixing effect of the turbulent momentum
transport. The near-unity value of 0.9 has often been
assigned to the turbulent Prandtl number for calculating
heat transfer in a turbulent boundary layer. However, this
close correlation between momentum and thermal trans-
port has not been verified and may well be invalid for a
boundary layer undergoing laminar—turbuient transition.
The objective of this study is to investigate detailed flow
and thermal structures in the transitional boundary layer.
Many studies have been conducted to investigate the
flow and thermal structures in heated transitional bound-
ary layers. However, most of them are either limited to
wall measurements of C; and St or provide only partial
information of mean velocity (U), mean temperature (T),
and streamwise velocity fluctuations (u'). An extensive
literature search on the measurement of Reynolds shear
stress (uv) and heat fluxes (uf and uf) in the transitional

boundary layer yielded little information. Most of the
documented work was performed with fully developed
turbulent boundary layers or in turbulent jets. Among the
few studies providing both flow and heat transfer data in
the transitional boundary layers is that of Kim et al. [4],
who performed measurements of Reynolds heat fluxes (vt
and uf) on a flat plate at two different levels of free-stream
turbulence intensity, 0.32% and 1.79%. In their experi-
ment on low free-stream turbulence intensity (FSTD), the
transitional region was too short to obtain useful informa-
tion for vf measurements. In their high-FSTI experiment,
they observed that the turbulent heat flux (uvf ) was greater
than the wall heat flux in the transitional region. This was
not seen in a fully developed turbulent boundary layer.
They calculated Pr, through the transitional region, which
had not been previously documented. Sohn et al. [5]
performed a similar study in which they measured
Reynolds heat fluxes over a flat plate. Surprisingly, they
measured strong negative values of vf in the transitional
boundary layer, which had not been observed by Kim et
al. [4].

In view of the inconvenience of patching the partial
information obtained from various laboratories and re-
ports and the lack of more complete information, includ-
ing Reynolds stresses and Reynolds heat fluxes, this paper
intends to provide a more integrated picture of heated
transitional boundary layers by presenting data from a
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single facility. The measurements include C¢, St, U, T, u’,
v', ut, and uv through the transition region. Additional
measurements of Uf, &y, £y, and Pr, were taken in the
late part of the transition region and in the low Reynolds
number turbulent region, where the boundary layer was
sufficiently thick for accurate measurement of these vari-
ables. In addition, the data presented in this paper serve
as the baseline for a series of sequential studies at
Clemson University investigating parameters that affect
laminar~turbulent transition in an actual gas turbine envi-
ronment, such as elevated free-stream turbulence [6), fa-
vorable pressure gradients [7], adverse pressure gradients
[8], and roughness [9].

EXPERIMENTAL PROGRAM
Test Facility

The experiments were conducted in a two-dimensional
open circuit, blowing-type wind tunnel (Fig. 1). Using an
industrial fan, air was drawn through the filter box and
then forced through two grids, a honeycomb, a heat ex-
changer, a screen pack, and a 9:1 contraction nozzle
before entering the test section. The air speed could be
adjusted continuously (without steps) by a constant-torque,
variable-frequency motor controller. The maximum veloc-
ity was 35 m /s, uniform within 0.7% and steady within 1%
in a 20-h period. The free-stream temperature, controlled
by a heat exchanger and the air-conditioning system in the
laboratory, could be maintained within 0.5°C over a 20-h
period with uniformity within 0.1°C. Both velocity and
temperature uniformity were measured by using a 2.54 X
2.54-cm grid across the cross section of the test section
inlet. A suction fan and a low-pressure plenum were
installed to provide boundary layer suction at the leading
edge, at a rate of 1100 cfm. The leading edge bleed scoop
was designed after that of Blair et al. [10].

The rectangular test section is 0.15 m wide, 2.4 m long,
and 0.92 m high and has an aspect ratio of 6 to reduce the
effects of three-dimensionality. The rectangular test wall
(2.4 X 0.92 m) is composite in nature and was designed
and constructed to be flexible so that it can be bent to
varying degrees of streamwise curvature for future efforts.
The support wall is a 4.68-mm-thick polycarbonate sheet.
The back of this polycarbonate sheet is covered with
0.25-m-thick R-30 fibergiass wool to minimize back-
conduction loss to the room. Attached to the inside of the
polycarbonate support wall is a 1.5-mm-thick heater patch.
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The heater patch was constructed of heater foil sand-
wiched between a glass cloth and a silicone rubber sheet.
The advantages of using this heating patch are that it is
flexible and has a well-protected heating foil. Moreover,
the heating patch does not wrinkle but remains flat during
the periodic heating and cooling processes. A 1.56-mm-
thick aluminum sheet is bonded to the heater to distribute
the heat uniformly. Covering the aluminum sheet is a
0.04-mm-thick, 3M-413 double-sided tape. Grooves were
carved through the tape to accommodate the thermocou-
ples. One hundred eighty-five 3-mil E-type thermocouples
were strategically deployed (Fig. 2). Of these 185 thermo-
couples, 74 were placed on the centerline and the rest in
off-centerline positions in the cross-span direction to cap-
ture the “footprints” of the 3-D transitional flow. The
grooves were then filled with high-temperature RTV. This
arrangement ensures that the thermocouple junctions are
well protected and that they can sustain severe bending
stress in future curvature studies. A 1.56-mm-thick poly-
carbonate sheet was then placed over the double-sided
tape. This smooth polycarbonate sheet serves as the
boundary layer test surface. Another side of the test
section, paralle! to the test surface, is made of a 6-mm-
thick flexible polycarbonate sheet. Fourteen 2.54-cm-
diameter measuring holes were drilled along the center-
line, and eight. measuring holes of the same size were
drilled off-centerline in the cross-span direction. Plexiglas
plugs, flush with the inner surface, were used to plug the
holes. Measurements were made by traversing the probe
through these holes into the test section. The first measur-
ing hole is located 20 cm from the leading edge, and the
remainder are spaced 15 cm from each other: A very
smooth Masonite table surface serves as the bottom wall
of the test section. The outer wall can be adjusted to vary
the pressure gradient in the test section. A detailed de-
scription of each component of the wind tunnel and the
test facility is documented by Shome [11].

The Three-Wire Sensor

The three-wire sensor is designed similarly to that used
by Sohn et al. [5]. Basically, two 1.0-mm-long, 2.5-pum-
diameter gold-plated tungsten wires arranged in an X-
array were used for velocity measurement. The sensing
length is 0.5 mm, etched in the center (Fig. 3). The spacing
between the wires in the X-array is 0.35 mm. The temper-
ature sensor is a 1.2-um unplated platinum wire placed in
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a plane parallel to that of the cross-wire and spaced 0.35
mm from the X-array. The typical prong configuration of a
boundary layer probe is compromised, because bending
three pairs of prongs to ensure the exact sensor arrange-
ment is difficult from a fabrication point of view and is
also costly. To allow near-wall measurement and to re-
duce probe interference, the probe support is bent at a 10°

Figure 3. Three-wire boundary layer sensor for
measuring Reynolds stresses and heat fluxes.
. Dimensions in millimeters.

angle from the wire axis (Fig. 3); this ensures that both of
the X-wires can touch the wall simultaneously. This de-
sign, which doesn’t involve bending the prongs, provides a
50% reduction in the manufacturing cost. Due to the 10°
inclined angle, the cross-wires have respective slant angles
of 35° and —55° relative to the probe axis, instead of the
+45° of traditional X-wires. However, these X-wires are
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still perpendicular to each other. A detailed probe de-
scription is given by Shome [11] and Keiler [12].

Instrumentation and Measurements

A TSI IFA 100 intelligent flow analyzer system was used
as a constant-temperature anemometer. A DISA M20
temperature bridge was used to operate the cold wire in
the constant-current mode. The TSI Model 157 signal
conditioner is used in the external mode for low-pass
filtering of the cold-wire anemometer signals.

In order to simulate a zero pressure gradient flow
condition, the Cpr distribution, with the reference temper-
ature taken at the first station, was kept within +1.0% by
adjusting the outer wall and measuring the static pres-
sures at all 14 stations by a trial-and-error method.

The wind tunnel was started at least 12 h prior to the
experimentation. The steadiness of the global wall tem-
perature distribution was checked approximately every 2
h. Each time. an average of three different scans, with
each scan made at a sample rate of 1 channel/s, was
obtained. In addition, a local check of the steadiness of
the wall temperature at each station was performed be-
fore, midway, and at the end of each measurement of the
boundary laver temperature profile.

The X-wires of the three-wire sensor were operated at
overheat ratios of 1.43 and 1.66 in the constant-tempera-
ture mode. The 1.2-um cold wire was operated at a very
low overheat ratio in the constant-current mode by using
the DISA M20 bridge. A probe current of 0.1 mA and an
amplifier gain of 3500 were used. The frequency response
of the temperature wire was found by Keller [12] to be
approximately 3000 Hz. The data from all three sensors
were sampled at 2 kHz for 20 s. A low-pass filter set at 1
kHz for each channel was also employed so that the data
could be used later for power spectra and waveform
analyses. To locate the wall, the smallest Y* (near Y*=17)
that could be achieved was specified, and the probe was
traversed toward the wall until the mean streamwise ve-
locity corresponding to the specified Y* (as given by the
near-wall region correlation, U*=Y") was achieved.
Measurements were made at 12 stations located at dis-
tances of 44.45-215.9 cm from the leading edge. No
measurements were taken at the first two stations because
of the thin boundary layer. Thirty points across the bound-
ary layer were measured for each station.

Chua and Antonia’s method {13] for correcting temper-
ature contamination of the hot wires was used. The advan-
tage of this method is that the hot-wire signal can be
corrected by using instantaneous temperatures instead of
instantaneous temperature fluctuations. Just as a hot wire
responds to temperature fluctuations, a cold wire responds
to velocity fluctuations. Analysis of the cold wire was
performed in this study following the scheme presented by
LaRue et al. [14]. For the 1.2-pum cold wire, the velocity
sensitivity coefficient at 20 m/s is 1.75 X 1074 °C/(m/s).
For a 5% change in velocity, the error in temperature
measurement for the 1.25-um platinum wire is 0.000175°C.
This estimate indicates that correction for velocity con-
tamination is not required as long as a low heating current
is used.

The three-wire sensor was qualified in a boundary layer
undergoing laminar—turbulent transition. The standards
used were mean velocity profile results, mean tempera-
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tures, Reynolds normal and shear stresses, and the tem-
perature fluctuations from a commercially available single
hot wire, an X-wire, and a single cold wire. The results
were satisfactory and were documented with detailed ex-
perimental procedures and data reduction techniques by
Shome {11] and Keller [12].

Stanton Number Measurement

The wall temperature was corrected for front polycarbon-
ate wall conduction effects, radiation loss, back loss,
streamwise conduction loss, compressibility, and recovery
effect. The effect of relative humidity on obtaining the
free-stream, dry-bulb temperature was also corrected. The
detailed procedure was documented by Keller {12].

RESULTS AND DISCUSSION

In this experiment, a boundary layer was allowed to un-
dergo natural transition from laminar to fully turbulent
flow. Three sets of Stanton number data were taken in
one 22-h run. The first run was conducted after a 12-h
stabilization period and fotlowed by two runs conducted at
17 h and 22 h, respectively. The maximum variation in the
Stanton numbers during the 10-h period was approxi-
mately +3%.

The free-stream turbulence intensity (FSTD), calculated
from three components of velocity fluctuations, is shown
in Fig. 4a to have a value of about 0.5% for a free-stream
velocity of 13 m/s. The ratios of v’ /u’ and w'/u’ in the
free stream, also shown in Fig. 4a. are not isotropic; the
values varied between 2.0 and 1.6 for ¢'/u’ and between
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Figure 5. Mean velocity profiles, U* vs. Y™,

0.9 and 1.1 for w' /u’. The free-stream turbulence integral
length scales are also shown in this figure. The spectral
distribution of the streamwise velocity fluctuations in the
free stream for the baseline case is shown in Fig. 4b. The
1-D spectrum, E(f), is normalized by u'%, the integral
length scale A, and the free-stream veloc1ty U,. The
frequency f is normalized by A and U,. For comparison,
Taylor’s 1-D energy spectrum [15] is also shown in this
figure. The spectral distribution, E(f), follows Taylor’s
1-D energy spectrum in the low-frequency range and
deviates from it in the high-frequency range. This is
probably caused by the nonisotropy of the grid-generated
free-stream turbulence structure in the present study.

Mean Velocity Profiles

The results of the mean velocity profiles, plotted in wall
units of U™ vs. Y™, are shown in Fig. 5 and are consistent
with those of Blair [16] and Kuan and Wang [17]. As seen
in Fig. 5, the velocity profiles at stations 3 and 4 are
Blasius flow. A set of single-wire data (not shown) was
taken as a guide for determining the skin friction coeffi-
cients because the single wire could be positioned very
close to the wall (about Y*= 2). The skin friction coeffi-
cients for these two stations were determined by extrapo-
lating the linear correlation (U*=Y*) to the wall. The
profiles after Re, = 1.12 X 108, that is, stations 9-13, are
clearly turbulent and preserve the “law of the wall” char-
acteristics over a sufficient range of Y*. This indicates
that the Clauser technique is appropriate for determining
the skin friction coefﬁcxent The profiles from Re, = 6.13
X 10 to 9.87 X 10, stations 5-8, are transitional, “neither
displaying the turbulent log-linear behavior nor matching
the Blasius profile. Based on the assumption that the
viscous sublayer within Y*< 10 is not affected by the
transition process, the C; values for these transitional
stations were determined by forcing the proﬁle through
the U* = Y* correlation in the near-wall region (Y* < 10).

Skin Friction Coefficientand Stanton Number

The skin friction coefficient is shown in Fig. 6. In this
study, the beginning of the transition is identified as the
point of minimum skin friction coefficient, or lowest Stan-
ton number, and the end of the transition as the point of
maximum skin friction coefficient, or highest Stanton
number, immediately following the rise. Based on these
criteria, the onset of transition occurred at approximately
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Figure 6. Skin friction coefficient and centerline Stanton
number distributions. The correlations are from Kays and
Crawford {27].

Re, = 5.5 X 10° (Re,, = 1294, Re;, = 492), and the end
of transition occurred at approximately Re, = 1.12 X 10°
(Re; = 1826, Re;, = 1302) (Table 1). C; exceeds the tur-
bulent correlation’ by 4% at Re, = 1.12 X 10° (early tur-
bulent flow).

The Stanton number measurements are overlaid in Fig.
6 with the skin friction coefficient. The Stanton number
asymptotically approaches the turbulent correlation rather
than “overshooting” the turbulent correlation, which, as is
seen in the C; values, results in a breakdown of the
Reynolds analogy factor (2 St/C;) in the early turbulent
region. As shown in Fig. 7, the value of 2 St/C, dips
below the typical value for turbulent boundary layers in
the late transition region (x = 120 cm). The value for 2
St/C; is approximately 0.9 at station 9 and slowly ap-
proaches the fully turbulent value as the flow progresses
downstream. This is consistent with the 2 St/C; value of
0.8 obtained by Wang [18] in the late transition and early
turbulent regions.

The onset of transition was observed earlier than in
previous studies, as shown in Fig. 8. For an FSTI value of
0.5%, the predicted Re, for transition onset ranges be-
tween 615 from the Mayle [3] correlation to 771 from the

Table 1. Reynolds Numbers at Onset and End of Transition

FSTI at X, 0.5%
U, (m/s) 12.24
Onset of transition
x (cm) 68
Re,, 5.5 x 10°
Re;, 1294
Re;,, 492
End of transition
x (cm) 137
Re,, 11.2 X 10°
Reg, 1826
Re;, 1302
Length of transition
x (cm) 69
Re, 5.7 x 10°
Resl : 532
Res, 810
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Abu-Ghannam and Shaw correlation [19]. The value ob-
tained in this experiment, Re,, = 492, falls below this
range. However, the results of Blair [20] for an FSTI of
0.17% and of Kim [21] for an FSTI of 0.3% also fall
considerably below each of the prediction schemes. Since
extensive efforts were made to minimize the possible
effects of extraneous variables, factors other than FSTI
must influence transition onset. This reinforces the simi-
lar conclusion made by Volino and Simon [22]. Abu-
Ghannam and Shaw [19] proposed a correlation for the
end of transition of the form Re,g = 2.667 Re,,. This
correlation is also shown in Fig. 8. The Re,g value of 1302
determined for the baseline case is within 1% of the result
calculated using the Abu-Ghannam and Shaw correlation.
This earlier transition did not seem to affect the flow and
thermal structures presented in this paper.

Boundary Layer Integral Parameters

The boundary layer thickness and integral parameters are
shown in Fig. 9 along with the appropriate laminar and
turbulent solutions. The turbulent solutions have been
adjusted to account for the virtual origin of the turbulent
boundary layer beginning at x,. The boundary layer thick-
ness observed in Fig. 9 can be explained using this ap-
proach. The boundary layer thickness follows the laminar
boundary layer values up to the point of transition and
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then follows the turbulent boundary layer values (begin-
ning at x,) beyond this point. It is interesting to note that
the boundary layer development of the transitional flow
fits that of the turbulent flow after the effect of a virtual
origin is incorporated. Dhawan and Narasimha [23] ob-
served a similar result.

The displacement thickness, however, is seen to have a
different development. It follows the laminar solution up
through the end of transition, but when the flow becomes
fully turbulent at station 9 (x = 137 cm), the displacement
thickness begins to increase and is approximately 5%
higher than the turbulent values for stations 10-13. The
shape factor H is observed to drop rapidly through the
transition region and to reach a constant value of approxi-
mately 1.40 by station 9, which is 8.5% higher than the
turbulent value of 1.29 predicted by the 1/7 power law.

Streamwise Velocity Fluctuations (u'?)

The streamwise evolution of Reynolds normal stresses can
be related to the evolution of u’, as shown in Fig. 10,
which is comparable with those documented by Wang et
al. [24], Kim et al. [25], and Kuan and Wang [17]. To avoid
repeating lengthy discussions, a brief description is out-
lined below. Stations 3 and 4 are laminar. The peaks in
the u' profiles indicate an amplifying sinusoidal instability
wave that is not turbulence. The appearance of a near-wall
peak at station 5 (Re, = 6.13 X 10°) indicates that the
flow was undergoing transition. The peak value of u'/U,
within the boundary layer grew rapidly, and the location
of the peak moved closer to the wall as the flow developed
downstream in the transition region. The peak reached a
maximum of 17.5% at y/8, = 0.05 at station 7 (Re, =
8.47 X 10°). Beyond this point, the magnitude of the first
peak diminished, but the location of the peak moved
closer to the wall. A second peak can be observed at
station 8 around y/8, = 2. For a more detailed discussion
of streamwise Reynolds normal stress, see Kuan and Wang
[17] or Kuan [26], where an in-depth analysis employing a
conditional sampling technique was used to separate the
intermittent effect from the real turbulence in the turbu-
lent spots.
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Cross-Stream Velocity Fluctuations (v '?)

The evolution of v’ in Fig. 11 was very similar to that of
u' shown in Fig. 10. The near-wall peak reached a maxi-
mum of 4.5% at station 8, which is downstream of where
the u' peak reached its maximum. The main difference
between u' and v’ is that u’' decreased very quickly
downstream from the maximum value, whereas the peak
value of v’ decreased only a small amount, to 4%, and
maintained that value into the turbulent flow region. A
second peak was also seen in the v’ profile at station 7 at
around y/68, = 1. ‘

Reynolds Shear Stress (uv)

As shown in Fig. 12, in the early transition at station 5 the
peak of the turbulent shear (uv), which occurred at
y/8 = 0.2, was about 40% of the wall shear (u*2). At
station 6, the peak of the turbulent shear moved outward

to y/8 = 0.3, with a value larger than the wall shear. The
peak of uv, still staying at around y/8 = 0.3, continued to
grow to a maximum at station 7 of about twice the
magnitude of the wall shear. The magnitude of uv decayed
after station 7 across the whole boundary layer and
reached equilibrium between stations 9 and 13. In order
to see more clearly the behavior of uv near the wall, four
selected uv profiles at stations 4, 7, 8, and 13 have been
replotted in wall coordinates (Y*) in Fig. 13. An almost
constant turbulent shear stress appears in a region of
Y*= 20-40 at station 4. This indicates that the turbulent
shear communicated well near the wall in the boundary
layer in the early stage of the transition when the turbu-
lence production was not high. Somehow, this communica-
tion could not keep up with the vigorous generation of
turbulent shear stress that occurred around Y*= 70-100
at station 7. The localized high shear, with a magnitude
twice that of the wall shear, took a little while to commu-
nicate with the wall until a relatively uniform distribution
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Figure 11. Cross-stream velocity fluctuation distributions.

of wv in Y*=70-100 could be seen at station 8. This
constant uv region became more uniformly distributed
and stretched to a wider region (Y*= 20-200) at station
13. The magnitude of maximum uv/u*? decreased from
1.8 at station 7, through 1.2 at station 8, to finally about
0.9 at station 13. This whole sequence of turbulent shear
development indicates that the turbulent shear actually
imposes itself on the wall shear from a region away from
the wall. Although locally the turbulent shear stress di-
minishes near the wall, the turbulent shear stress pro-
duced within the boundary layer is able to influence the
mean velocity profile through the turbulence diffusion and
local momentum balance such that the molecular shear at
the wall is adjusted to be approximately equal to the
turbulent shear. This is evidenced by the near-wall region
of constant turbulent shear stress over the friction velocity
ratio at about 0.9 at station 13 in Fig. 13.

The phenomena described above, which indicate that
the boundary layer Reynolds shear stress in the transi-
tional region is greater than the wall shear stress, can
be further verified by integrating the mean flow govern-
ing equations. Assuming that the mean flow is two-
dimensional in the transitional region at a zero pressure
gradient, the mean flow governing equations are

oU oV
—+ — =90 1)
ax ay
and
U U or
pU— + pV—=—. 2)
ax ay ay
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Figure 12. Reynolds shear stress distributions.

In these equations, U and ¥ are the mean streamwise and
cross-stream velocities and 7 is the total shear stress
contributed by both the molecular shear stress and the
Reynolds shear stress.

Equation (2) — pU X Eq. (1) gives

U oU U A ar
pU—+ pV— —-pU| — + — | = —,
dx dy dx ay ay
VﬁU U&V ar 3)
IV/U) ot
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Figure 13. Reynolds shear stress distributions in wall coordi-
nates.
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Integration of Eq. (3) from zero to any y location gives
V/U(y) ) 4
) =7 = - U-)d(—). 9
7(y) = 7, fo (=p U (

By applying I’'Hospital’s rule and the continuity equation,
it can be shown that /U — 0 as y — 0.

In the transitional boundary layer region, the mean
velocity profile changes from a laminar profile to a turbu-
lent profile, so U increases in the near-wall region along
the downstream direction (e.g., dU/3x > 0). Therefore,
from the continuity equation, V/3dy < 0. Since V is zero
at the wall, there is a negative V' region close to the wall.
Also, V/U approaches zero as it moves toward the wall,
and U is positive in the boundary layer, so |V/U| de-
creases close to the wall. Furthermore, the integration in
Eq. (4) is positive in this near-wall region because both
—U? and V/U are negative. Therefore, the total shear
stress 7 should increase away from the wall in the near-wall
region of the boundary layer. With the fact that the
molecular shear stress decreases away from the wall, the
Reynolds shear stress increases away from the wall and
can become larger than the wall shear stress.

Mean Temperature

The mean temperature profiles are plotted in wall coordi-
nates of 7" vs. Y* in Fig. 14, along with three correla-
tions: (1) the laminar solution for uniform heat flux with
the effect of unheated starting length, (2) the conduction
layer distribution 7%= Pr Y*, and (3) the turbulent tem-
perature “law of the wall”:

T*=Y}Pr+ ikl | v

R VTR 7
from Kays and Crawford [27]. The evolution of the mean
temperature profile in a transitional flow is similar to the
mean velocity profile, although subtle differences exist. In
Fig. 5, the mean velocity profile becomes fully turbulent

_between stations 9 and 13, whereas the mean temperature

profiles are still changing, as shown in Fig. 13, This indi-
cates a lag in the development of the mean temperature
compared to the mean velocity profiles. This would sup-
port the observation made earlier in Fig. 7 that a break-

down of the Reynolds analogy occurs in the late transition
and early turbulent regions. Similar observations were
made by Blair [20] and by Wang et al. [24].

RMS Temperature Fluctuation (¢')

The evolution of the rms temperature fluctuation normal-
ized by the temperature difference T, — T, is presented
in Fig. 15. At about station 5 (Re, = 6.13 X 10°), the
profile shows the appearance of a near-wall peak, indicat-
ing the onset of transition. The near-wall peak grew
sharply as the transition proceeded, reached a maximum
of about 0.11 at station 7, and then decayed. A secondary
peak appeared at y/8 = 0.5 at station 6 (Re, = 7.43 X
10°). This secondary peak was also observed by Sohn et al.
[5], although they did not observe the near-wall peak. The
trend of ¢’ is very similar to the u’ profiles in the appear-
ance of a near-wall peak and a secondary peak. As the
transition proceeded further downstream, the location of
the near-wall peak moved closer to the wall and the
magnitude of the secondary peak was reduced. At the
later stages of transition, the t' profile asymptotically
attained some kind of similarity. This observation indi-
cates a similarity between the ¢’ and the u’ profiles,
except that the ¢’ profiles have a less steep slope outward
from the peak and show a broader plateau before the ¢’
falls off in the outer boundary layer.

Reynolds Heat Fluxes (vf and uf)

One of the primary aims of this study was to measure the
Reynolds heat fluxes, vf and ut. However, accurate of
measurements in the transitional boundary layer are dif-
ficult. Due to the thin transitional boundary layer in the
present experimental rig, the measurements of 7 are
extremely uncertain and the results are under investiga-
tion (see detailed discussions in [11, 12, 28)). Therefore,
only the results in the late transition and early turbulent
boundary layer, normalized by the wall heat flux, are
shown in Fig. 16. Unlike the uv distribution, there is no
region of constant heat flux across the boundary layers.
Despite the difficulty in accurately measuring o7 in the
transitional boundary layer, the measurements of & are
clean and without any ambiguities because the value of u
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Figure 15. Streamwise evolution of rms temperature profiles.

is normally one order of magnitude larger than v. The
results of the negative streamwise Reynolds heat flux,
—ut, normalized by the wall heat flux are shown in Fig.
17. In the late laminar flow (stations 3 and 4), —ut had a
maximum value in the magnitude of the wall heat flux at
about y = 0.458. This indicates that some turbulent trans-
port of heat flux had occurred in the late laminar region.
Once the flow entered the transitional region, —uf in-
creased dramatically to a maximum of about 17 times
greater than the wall heat flux at stations 6 and 7 and then
decreased at the outer boundary layer. A comparison
between stations 6 and 7 shows that the near-wall peak
maintained the same magnitude for both stations but that
station 6 had a higher value of —uf in the outer boundary
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Figure 16. Cross-stream Reynolds heat flux distributions.
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layer. Stations 8 and 9, in the late transitional region, both
show a near-wall peak and a secondary peak at about

y = 0.48, which is close to the tocal maximum of stations 3

and 4. From station 10 to station 13, the flow gradually
reached equilibrium outward from the wall in the turbu-
lent flow.

Eddy Diffusivities and Turbulent Prandtl Number

The eddy viscosity €,, and the turbulent thermal diffusiv-
ity £,y normalized by their molecular counterparts are
shown in Fig. 18. Note that each station is plotted on a
different scale. Both &,,/v and ey/a have finite values
much beyond the boundary layer thickness. This indicates
that the turbulent shear stress layer and the turbulent
heat flux layer were thicker than the velocity and thermal
boundary layers. After station 8, &), showed a distinctive
peak near y/8 = 0.3-0.4, and the peak remained at that
location downstream. However, & /a did not show such
a distinctive peak. The different distributions of £,/v
and &y/a reflect the disparity between the turbulent
momentum and the thermal transport mechanism in the
transitional boundary layer. The values for both &y/v
and &/« increased continuously downstream, with £,/ v
having much higher values than ey/a. The maximum
values at station 13 for ¢,,/v and &y/a were about 50
and 20, respectively.

The value of Pr, in the outer boundary layer y/8>
0.2) is greater than the value of 0.9 typically used in
modeling transitional flow, although it is still of magnitude
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Figure 17. Streamwise Reynolds heat flux distributions.
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Figure 18. Streamwise evolution of eddy viscosity, diffusivity,
and turbulent Prandtl number profiles.

unity. In the near wall region, the value of Pr, is much
higher than 1.

UNCERTAINTY

The uncertainty analysis of the three-wire probe was per-
formed by Keller [12). The largest contribution to the
uncertainty of ur and u’ was from the yaw factor. The
total uncertainty was about 12% for uv and 7% for u'.
The uncertainty values for the other parameters are shown
in Table 2.

CONCLUSION

A three-wire probe was designed and custom made for the
measurement of Reynolds stresses and heat fluxes in a
transitional boundary layer. Two of the three wires, which
were used for measuring velocities, were operated hot in a
constant-temperature mode. The third wire, which mea-
sured temperature, was operated cold (low overheat) in a
constant-current mode. In addition to the skin friction
coefficient and Stanton number on the surface, detailed
measurements were made of the mean and fluctuation

quantities of the flow and temperature fields in the
boundary layer. The results show that the evolution of v’
is faster than that of u’. v’ reaches an asymptotic distri-
bution across the boundary layer in the middle of the
transition and maintains that value through the end
of transition and into the turbulent region, whereas u’
reaches a maximum in the middle of the transition region
and decreases into the turbulent flow region. The evolu-
tion of the uv profiles in the transitional flow indicates
that turbulent shear was generated in the region of Y*=
70-100 and gradually changed the mean velocity profile
near the wall by imposing itself on the wall within the
boundary layer.

The streamwise Reynolds heat flux, ut, can be as high as
17 times greater than the wall heat flux in the transitional
boundary layer. U, &y, &y, and Pr, were measured near
the end of transition and in the low Reynolds number
turbulent flow region. Both the turbulent shear stress
layer and the turbulent heat flux were measured to be
much thicker than the velocity and thermal boundary
layers. Pr, is shown to increase beyond a typical value of
0.9 as the wall is approached. The Reynolds analogy factor
(2 St/C,) in the early turbulent flow region is approxi-
mately 0.9, which is lower than the typical turbulent flow
value 1.2,

The difference in the distribution of &y, and &y re-
flects the apparent disparity between the turbulent mo-
mentum and the thermal transport mechanisms in the
transitional boundary layer. The physics of this should be
incorporated into transitional flow models when computa-
tional methods are used.
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NOMENCLATURE ‘
C; skin friction coefficient [= 7, /( pU2/2)},
dimensionless
C,_ specific heat, J/g-k

C.. static pressure coefficient [= (P —
P..;)/pU2], dimensionless
FSTI free-stream turbulence intensity (= [(u* +
v? + w?)/31'/2/U,), percent
Pr, turbulent Prandtl number
(= [uv/U/ay) /ot /(9T /éy)D,

dimensionless
g" heat flux, watt/m?

St Stanton number [= ¢"/p C,ULT,, — T)),
dimensionless

t fluctuation in temperature, K
T instantaneous temperature, K

Table 2. Uncertainties of U, T, u', v’, t', uv, uf, and v1 in the Transitional Region

Parameter U T-T.)/(T,-T,)

u' v l'/(Tw—T;,) us  ul Ut

Uncertainty (%) 3.5 1.7

3.6 84 1.8 15.0 3.7 204




10.

=~

mean temperature, K
¢ rms value of temperature fluctuations, K

u.r instantaneous velocity fluctuations in
streamwise and cross-stream directions, m/s

u',c’  rms values of velocity fluctuations, m/s

u* friction velocity (= /7, /p), m/s
ut streamwise Reynolds heat flux, mk/s
ur  Reynolds shear stress, m?/s>
tf cross-stream Reynolds heat flux mk/s
U instantaneous velocity, m/s
U mean streamwise velocity, m/s
U* (= U/u*), dimensionless
X, unheated starting length, m
x, onset of transition, m
Y* (=yu*/v), dimensionless
Greek Symbols
& boundary layer thickness at 0.995U,, m
8, displacement layer thickness, m
8, momentum layer thickness, m
ey turbulent (or eddy) thermal diffusivity, m?/s
ey turbulent (or eddy) viscosity, m?/s
p density, kg/m’
1, shear stress on the wall, N /m2 -
A integral length scale
(= UZu(@u(t + 7)/uldr), m
I' intermittency, dimensionless
Subscripts
w at the wall
 in the free stream
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Effects of Elevated Free-Stream
Turbulence on Flow and Thermal
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Structures in Transitional
Boundary Layers

The effects of elevated free-stream turbulence on flow and thermal structures in trans-
itional boundary layers were investigated experimentally on a heated flat plate. Detailed
boundary layer measurements using a three-wire probe and wall heat transfer were

made with free-stream turbulence intensities of 0.5, 3.8, 5.5, and 6.4 percent, re-
spectively. The onset of transition, transition length, and the turbulent spot formation
rate were determined. The statistical results of the streamwise and cross-stream velocity
fluctuations, temperature fluctuation, Reynolds stresses, and Reynolds heat fluxes were
presented. The eddy viscosity, turbulent thermal diffusivity, and the turbulent Prandtl
number were calculated and related physical mechanisms are discussed.

Introduction

One of the key factors in improving the prediction of the
thermal load on gas turbine blades is to improve the under-
standing of the momentum and thermal transports during the
laminar-turbulent transition process (Graham, 1979, 1984;
Mayle, 1991). As much as 50~80 percent of the surface of a
typical turbine blade is commonly covered by flow undergo-
ing transition (Turner, 1971). Transition from laminar to
turbulent boundary layer flow significantly increases the local
wall shear stresses and the convective heat transfer rates.
These increases must be appropriately factored into the
design of gas turbine blades. Unsatisfactory prediction of the
location and streamwise coverage of transition on gas turbine
blades can result in either reduced longevity and reliability of
the blade or engine performance below design objectives. In
gas turbine environments, one of the most important factors
controlling the transition process is elevated free-stream tur-
bulence intensity (FSTI). Measurements of FSTI at the inlet
of the turbine show values of 5 to 10 percent due to the
disturbances from the upstream conditions. Turbulence in
the wakes following the trailing edges of the vanes can be as
high as 15 to 20 percent (Mayle, 1991). Very few experiments
have been conducted to examine tramsition at such FSTI
levels.

At low FSTI levels, boundary layer transition begins with a
weak instability in the laminar boundary layer and proceeds,
through various stages of amplified instability, to fully turbu-
lent flow (Schubauer and Skramstad, 1948; Klebanoff et al.,
1962). The critical Reynolds aumber, above which the selec-
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tive amplification of the two-dimensional infinitesimal distur-
bances may occur, and the growth rates of the amplified
disturbances, can be predicted by linear instability theory. At
high free-stream turbulence, the amplification of linear insta-
bility waves is bypassed in such a manner that turbulent spots
are directly produced within the boundary layer by the influ-
ence of the finite perturbations, which provide a nonlinear
transition mechanism (Morkovin, 1969). Since linear instabil-
ity theory is irrelevant in this case, this bypass transition is
much more difficult to analyze and is poorly understood.
Even the conventional view of a laminar boundary layer must
be modified or redefined in such high FSTI leveis. Dyban et
al. (1980) investigated the structure of laminar boundary
layers that developed under elevated FSTI of from 0.3 to
25.2 percent. They found a peak in the rms streamwise
velocity fluctuation («') in the late-laminar boundary layers.
The entire &' profiles were elevated due to the penetration
of the high FSTI. The maximum penetration occurred for the
4.5 percent FSTI case. They called the laminar boundary
layers generated at very high FSTI “pseudo-laminar” to dis-
tinguish them from both the purely laminar layer and the
fully turbulent layer that develops at low turbulence. Their
results, though interesting, were limited to the distribution of
disturbances within the laminar boundary layer. The onset
and end of transition for a flat plate was investigated by
Abu-Ghannam and Shaw (1980) in a low-speed wind tunnel
with FSTI ranging from 0.3 to 5 percent. Their resuits
showed that the higher values of FSTI result in an earlier
transition and a shorter transition length. Suder et al. (1988)
investigated the effects of FSTI ranging from 0.3 to 5 percent
on boundary layer transition. They observed linear growth of
the Tollmien—Schlichting (T-S) waves with an FSTI of 0.3
percent and the bypass transition mechanism for an FSTI of
0.65 percent and higher. Their results indicated that there
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exists a critical value of the peak rms of the velocity fluctua-
tions within the boundary layer of approximately 3t0 335
percent of the free-stream velocity. Once the unsteadiness
within the boundary layer reached this critical value, turbu-
lent bursting was initiated, regardless of the transition mech-
anism. More information on transition, especially the bypass
transition, can be found in the discussion of instability and
transition predictability by Morkovin (1978). Many other re-
views of boundary layer instability and transition can be
found in the literature, e.g., Reshotko (1976), Tani (1981),
and Narasimha (1985). Recently, Volino and Simon (1995)
reviewed published experimental data related to the bypass
transition in boundary layers including curvature and favor-
able pressure gradient effects. An extreme wealth of informa-
tion on the role of laminar—turbulent transition in gas tur-
bine engines can be found in Mayle (1991).

Studies of elevated free-stream turbulence effects on heat
transfer in transitional boundary layer flows are limited and
are much less numerous than those treating fluid mechanics.
Blair (1982) conducted several tests with a uniformly heated
flat wall in accelerated transitional boundary layers with
FSTI ranging from approxipately 0.7 to 5 percent. He con-
ciuded that the transition Reynolds number is relatively
insensitive to acceleration at even moderate turbulence levels
(around 4 percent). The results of Blair's tests showed the
combined effects of FSTI and pressure gradients; however,
the isolated effects of the elevated FSTI alone were not
available. Wang et al. (1987) investigated the heat transfer
and fluid mechanics in transitional boundary layers with 0.68
and 2.0 percent FSTI. They observed that average turbulent
Prandt! number values in the early turbulent flow are 20
percent higher than 0.9, a value known to apply to fuily
turbulent flow. This average Prandtl number is reduced as
FSTI increases. Temperature profiles in the late transitional
and early turbulent flows have a thicker conduction layer
than those in fully turbulent flow. This conduction thickness
decreases as the FSTI level increases. They also pointed out
that the effect of elevated FSTI penetrates to very near the

wall in the profiles of Reynolds streamwise normal stress
(«'). However, the effect of elevated FSTI on the Reynolds
shear stress (— @v) and the mean velocity profiles is seen,
predominantly, in the outer portion of the boundary layer.
Kim et al. (1989) performed fluid mechanics and heat trans-
fer measurements in transitional boundary layers, which were
conditionally sampled on intermittency for two different val-
ues of FSTI, 0.32 and 1.79 percent. The turbulent heat flux
was measured by using a triple-wire probe. The results showed
that a large increase in turbulent heat flux above the wall
heat flux value occurs within the turbulent spot, and the
turbulent Prandtl numbers in the turbuient core region of the
transitional flow are smaller than unity. Contrary to the
results of Kim et al., the most recent experimental results of
Sohn and Reshotko (1991), Shome .(1991), and Wang et al.
(1992) showed that the cross-stream heat fluxes (ut) are
highly negative values in the middle transitional region. The
layer of negative OF becomes thinner and moves toward the
wall as the flow proceeds downstream. Also, Sohn and
Reshotko reported that the velocity profiles were observed to
lag the temperature profiles during the transitional process
to turbulent flow, which is the opposite of the observations of
Blair (1982), Wang et al. (1987), and Kim et al. (1989). The
boundary layer spectra in Sohn and Reshhotko’s report indi-
cated selected amplification of T—S waves for 0.4 percent
FSTI as predicted by linear instability. For 0.8 percent and
1.1 percent FSTI, T-S waves are localized very near the wall
and do not play a dominant role in the transition process.
The present experimental study investigates boundary layer
transition over a heated flat plate with a free-stream turbu-
lence range of from 0.5 to 7 percent. A miniature three-wire
probe was employed to measure both the instantaneous
streamwise, cross-stream velocity components and the tem-
perature simultaneously. The onset and end of transition
were obtained both from the wall Stanton number measure-
ments and from boundary layer flow and thermal structure
measurements. The emphasis of this paper is on the study of
the evolution of Reynolds shear stresses and heat fluxes.

Nomenclature

C; = skin friction coefficient = 7.,/ (pU2/2)
C,, = specific heat
E( fﬁ = one-dimensional spectrum of «’
f = frequency
FSTI = free-stream turbulence intensity
= /(2 + v +w?)3/U,
n = turbulent spot production rate,
No./s-m
/i = dimensioniess turbulent spot production
rate = av*/U2
Pr, = turbulent Prandtl number = €y/€n

q" = heat flux
Re,, Re;., Re,= Reynolds numbers based on x, §*, and
8, respectively

St = Stanton number = g} A pC,UAT, — )
¢ = instantaneous temperature fluctuation
¢ = rms value of ¢
T = mean temperature

T* = mean temperature in wall units
= (T, - T)oC,u"/q.
u, v = instantaneous streamwise and cross-
stream velocity fluctuations
', v = rms values of u and v
u* = \/r./p = friction velocity
U = mean streamwise velocity
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U* = mean streamwise velocity in wall units
= U/u*
x = streamwise distance from leading edge
y = distance away from the wall
YT =yl
« = thermal diffusivity
§ = boundary layer thickness at 0.995U,
5* = displacement boundary layer thickness
€ = turbulent thermal diffusivity
= —ut/(3T/3y)
€, = turbulent viscosity = — av /(aU/3y)
§ = momentum boundary layer thickness
A, = integral length scale
= USu(t)u(t + t)/ u'dr
v = kinematic viscosity
p = density
o = turbulent spot propagation parameter
+ = shear stress

Subscripts
e = at transition end
s = at transition start
w = at the wall
= = in the free stream
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eddy viscosity, turbulent thermal diffusivity, and turbulent
Prandtl number under the influences of elevated FSTI dur-
ing the process of laminar—turbulent transition.

Experimental Program

Wind Tunnel. The present research employed a two-
dimensional, open-circuit, blowing type wind tunnel. The
detailed description of the design considerations and con-
struction specifications was documented by Kuan (1987) and
Kuan and Wang (1990). Air is drawn through a filter box,
then forced through two grids. a honeycomb, a heat ex-
changer, a screen pack, and a contraction nozzle before
entering the test section. The flow rate can be adjusted
steplessly from 0.5 m/s to 35 m/s by a combination use of an
inlet damper and a constant-torque, variable frequency mo-
tor controller. The steadiness of the free-stream velocity and
temperature can be maintained within 1 percent and 0.5°C
for a 24-hour period, and the uniformity is within 0.7 percent
and 0.1°C, respectively.

Test Section. The rectangular test section is 0.15 m wide,
2.4 m long, and 0.92 m high with an aspect ratio of 6. The
large aspect ratio reduces edge effects and ensures the two
dimensionality of the boundary layer flow. One of the test
section walls served as the test wall. The heat patch inside
the test wall was constructed of a serpentine heater foil
sandwiched between glass cloth and silicon rubber sheets. A
1.56 mm thick aluminum sheet was vulcanized to the front
surface of the heater pad to ensure uniformity of the heat
flux. A 1.56 mm polycarbonate sheet was placed on the
aiuminum surface to provide a smooth test surface on which
the air flows and measurements were taken. The surface
temperature was measured by 184 3 mil E-type thermocou-
ples, which were embedded strategically inside the test wall
10 capture the spanwise variation of wall heat transfer in a
transitional boundary layer. Fourteen measuring holes were
drilled along the outer observation wall centerline in the test
section and measurements were obtained by traversing the
probe through these holes into the test section. Boundary
layer suction was applied at the leading edge of the test
section so that a near zero thickness boundary layer can be
achieved at the leading edge. The detailed construction con-
sideration and description of the heated test wall are con-
tained in Wang et al. (1992) and Zhou (1993).

Turbulence Generating Grids. The background FSTI of
this wind tunne! was about 0.5 percent. The higher turbu-
lence levels required for this study were generated by insert-
ing various turbulence generating grids into the wind tunnel.
The turbulence generating grids consisted of biplane rectan-
gular bar arrays with approximately a 69 percent open area
(Fig 1). The grids were designed based on the recommenda-
tion of Baines and Peterson (1951) to produce test section
turbutence levels ranging from approximately 3 to 7 percent.
Grid-generated turbulence decays with distance from the
grid. The decaying rate becomes smaller when the distance
from the grid increases. In order to generate homogeneous
and slowly decaying turbulence, the turbulence generating
grids were inserted at the entrance to the main tunnel
contraction instead of placing them at the inlet of the test
section. The grids are referred to as grids 1, 2, and 3,
corresponding to mesh widths, M, of 19.05, 24.13, and 33.02
cm, respectively. The test case with only background turbu-
lence (no grid) served as the baseline case.

Instrumentation and Data Reduction. A three-wire sen-
sor was specifically designed to measure the instantaneous
longitudinal velocity, cross-stream velocity, and temperature
simultaneously. The development and qualification of this
three-wire sensor was described by Shome (1991) and Wang
et al. (1992). Basically, an “X " array, consisting of gold-plated
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Fig. 1 Grid configuration

tungsten wires 1.0 mm long and 2.5 um in diameter, is used
for velocity measurement. The sensing length is 0.5 mm, and
is etched in the center. The spacing between the “X’” array is
0.35 mm. The temperature sensor is a 0.35 mm long (with a
sensing length of 0.35 mm) and a 1.2 xm diameter unplated
platinum wire placed in a plane parailel to the plane of the
crossed wires and spaced 0.35 mm from the “X™ array. To
allow for near-wall measurement and to reduce probe inter-
ference, the probe support was bent at an angle of 10 deg
from the wire axis. However, the x wires are still perpendicu-
lar to each other.

Two x wires were operated at an overheat ratio of about
1.2 (hot wires) in the constant temperature mode. The 1.2
pm platinum wire was operated at a very low current of 0.1
mA (cold wire) in the constant current mode. In order to
have a sufficiently extended length of transition for detailed
measurements on the test wall, extremely low speed flows
were provided for elevated FSTI cases. The unmsteadiness,
which eommonly occurs in low speed operations, was over-
come by a combined .use of the inlet fan damper and the
frequency controller. The typical overheat ratio of 1.5 for a
standard 4.5 um tungsten wire was found to significantly
contaminate the cold temperature wire. The temperature
wire reading had an error of 10°C when the x wires were
turned “on” compared with that when the x wires were
turned “off” in the near-wall region in a boundary layer with
the wall temperature 20°C above the free-stream tempera-
ture and at the free-stream velocity about 1 m/s. Therefore,
relatively low overheat ratios for the x wires were required in
order to minimize the “cross-talk” between the x wires and
the temperature sensor. However, better velocity sensitivities
for the x wires required higher overheat ratios. For compro-
mise, an overheat ratio of about 1.2 was chosen. The method
of Chua and Antonia (1990) was used for correcting tempera-
ture contamination of the hot wires. Based on this method,
the hot-wire signals were corrected by using instantaneous
temperatures instead of instantaneous temperature fluctua-
tions. At low free-stream velocities, it was found that if the
flow direction deviates a very small angle. from +45 deg to
the x wires, a significant change of the results of the Reynolds
shear stress (uw) and the cross-stream Reynolds heart flux (ur)
would occur. This small flow angie was found by assuming
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that the mean cross-stream velocity (V') is zero in the free
stream. A typical flow angle of 3 deg can result in a 50
percent error in the uv and ur measurements at free-stream
velocity of 2 m/s. A TSI Model IFA 100 Intelligent Flow
Analyzer system was used as a coolant temperature ane-
mometer. The IFA 100 allows simultaneous operation of up
to four channels. A DISA M20 temperature bridge was used
for operating the cold wire in the constant current mode.
Three TSI Model 157 signal conditioners were used in the
external mode for low pass filtering of all anemometer sig-
nals including that from the DISA M20. An 80386 micropro-

-cessor based, 20 MHz personal computer was used as the

data acquisition controller. A MetraByte DAS-20 multifunc-
tion high-speed A/D data acquisition board was internally
installed in the PC. A high-speed data acquisition software
routine, STREAMER, was used to stream digital input data
from DAS-20 directly into the hard disk. The sampling rate
was 2 kHz and the sampling duration was 20 seconds.

The wall temperature measurements were performed
through a FLUKE Model 8842A 5 1/2 digital multimeter
with a built-in A/D converter and a FLLUKE 2205A 100-
channel switch controller, which allowed scanning/acquisi-
tion of wall thermocouple emf at various switching rates up
to 3 channels/second.

Wall Stanton number was calculated from the power sup-
plied to the heated test wail and the wall temperature mea-
surement. The heat flux was corrected for the radiation loss,
back, and streamwise conduction loss. The wall temperature
was corrected for front polycarbonate wall conduction ef-
fects, the radiation loss, back and streamwise conduction
loss. compressibility, recover effect, and relative humidity.

The detailed instrumentation description is contained in
Shome (1991) and Wang et al. (1992).

Results and Discussion

In this experiment, three different sizes of grid were used
to produce different free-stream turbulence levels in the test
section. The case with no grid served as the baseline case.
The results of the baseline case were reported in a previous
paper by Wang et al. (1992). The FSTI distributions along
the streamwise direction in the test section, based on the
three components of the velocity fluctuation, are shown in
Fig. 2. For the baseline case and the grid 1 case, as shown in
this figure, the FSTI remains aimost constant through the
test section. For the grid 2 and grid 3 cases, the FSTI
increases at first. to station 4, and then starts to decay. The
ratios of '/u’ and w//i in the freestream, as shown in Fig. 3,
are not isotropic for the baseline and grid 2 cases, but they
are near isotropic for the grid 1 and 3 cases. The three
components of the velocity fluctuation and their length scales
in the free stream were documented in detail by Zhou (1993).

The spectral distributions of &' in the free stream for all
three elevated FSTI cases are similar. One representative
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Fig. 4 Free-stream turbulence spectrum

case of grid 2 is shown in Fig. 4. The one-dimensional
spectrum E,(f) is normalized by the %, the integral length
scale Ay, and the free-stream velocity U,. The frequency f is
normalized by Ag and U,. Also shown in this figure is
Taylor’s one-dimensional energy spectrum (Hinze, 1975). The
spectral distribution E(f) follows Taylor’s one-dimensional
energy spectrum in the low-frequency range and deviates
from it in the high-frequency range. In the high-frequency
range, the spectrum E(f) has a distinctive slope of —4. This
is consistent with the typical spectrum of grid generated
turbulence (Kistler and Vrebalorich, 1966).

Heat Transfer. Three sets of Stanton number data were
taken for each case in each 22-hour run. The first set was
obtained after a 12-hour stabilization period followed by two
sets obtained at 17 hours and 22 hours, respectively. Between
these measurements of wall temperatures, boundary layer
measurements were conducted. The maximum variation in
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Stanton numbers during a 10-hour period was approximately
+3 percent. An uncertainty analysis of the Stanton number
measurement, following the procedure documented by Wang
and Simon (1989), was conducted. The uncertainty was +3
percent in the laminar and turbulent regions and %5 percent
in the transitional region. The centerline Stanton number
distributions for the four cases are shown in Fig. 5. The
unheated starting length effects for the laminar correlation
has been included. It should be noted that the laminar
correlation with unheated starting length appears different
for different free-stream velocities when plotted in Fig. 5. To
maintain clarity, it is plotted only for the baseline and the
grid 2 cases. In the laminar portion, the Stanton number
distributions follow the laminar correlation for the elevated
FSTI cases. The onset of transition is defined as the location
where the Stanton number reaches a minimum and starts to
deviate from the laminar correlation, and the end of transi-
tion is defined as the location where the Stanton number
merges with the turbulent correlation. As expected, higher
FSTI leads to an earlier onset and an earlier end of transi-
tion. The effect of elevated FSTI on the heat transfer is
negligible in the laminar region; however, in the turbulent
region, the heat transfer is increased as can be seen from
Fig. S.

Skin Friction. The skin friction coefficients in the lami-
nar region and transitional region were determined by ex-
trapolating the linear correlation to the wall. The Clauser
technique was employed for determining the skin friction
coefficients in the turbulent region by best fitting the data
points to the logarithmic law-of-the-wall profile. The devel-
opment of the skin friction coefficients. shown in Fig. 6, is
similar to that of the Stanton number (Fig. 5). The effect of
the elevated FSTI on the skin friction in the laminar region is
negligible. The effect in the turbulent region is not conclusive
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Table 1 Reynolds numbers at onset and end of transition

Baseline | Grid! | Grid2 | Grid3
FSTI at Xs 05% | 38% | 55% | 64%
C.. (o). 13.0 | 210 | 175 1.70
X(cm)| 61 45 45 42
Onact Rex |5.0x105/6.0x104/5.0x10445x104
of  IRe | 1183 | 386 | 355 | 314
Transition e g 161 143 131
Xcm)| 136 | 150 | 144 139
End
of Rer /1.1x106/2.0x10511.6x1031.5x105
']
Toonsition RS 1947 | 735 659 608
Res | 1327 | 480 404 375

due to limited data points and the typical overshooting be-
havior of C; in the early turbulent flow region.

Transition Start and Turbulent Spot Formation Rate. In
the present study, the onset and end of transition were
primarily judged by the Stanton number and cross checked
with the skin friction distributions and the evolution of the
mean velocity and temperature profiles. The corresponding
values of x, Re,, Re;., and Re, at onset and at the end of
transition for each case are listed in Table 1. The resuits
indicate that elevated FSTI affects an early onset of transi-
tion and reduced extent of transition length based on Re,, as
well as on Re;, and Re,.

The key characteristic in laminar—-turbulent transition flow
is the randomly intermittent laminar—turbulent behavior. The
fraction of time the flow is turbulent is defined as the
intermittency. Emmons (1951) presented a statistical theory
for transition and provided an expression for the intermit-
tency. Later, the theory was extended by Dhawan and
Narasimha (1958) who showed, for time-averaged two-dimen-
sional flows, that turbulent spots originate within a narrow
region on the surface at some distance, x,, from the leading
edge, and that the turbulent spot production could be repre-
sented by a Dirac deita function. Based on this intermittency
theory, once the location of the transition onset and the
turbulent spot formation rate are known, the location of the
end of transition and the intermittency distribution within
the transition region can be predicted. The present calcuia-
tion of the turbulent spot formation rate is based on the
equation, Ac = 4.6/(Re,, — Re,,)? (Mayle, 1991), in which
the effect of FSTI is implicitly embedded in the Re,, and
Re_..

The onset of transition, based on the momentum thickness
Reynolds number, and the calculated turbulent spot forma-
tion rate, Ao, are plotted in Fig. 7. Also shown are the
empirical correlations, Re,, = 400 (FSTD)~ and Ao =15
x 10~ (FSTI)?, given by Mayle (1991), which were formu-
lated based on flat-wall, nonaccelerated flow data. For the
elevated FSTI cases, the present data agree with Mayle’s
correlation. For the baseline case, the onset of transition is
earlier and the calculated /o is larger than that predicted by
Mayle’s correlation. This indicates that some other factors,
which were not incorporated into Mayle’s corretations, influ-
ence the transition process in low FSTI environment. For a
well-controlled experiment of a low-FSTI transitional flow
study, typical factors that influence the onset of transition are
reiated to inherent characteristics of the test facility and the
uncontrollable disturbances in operating conditions. Some
possible factors are the initial flow conditions at the leading
edge, the fres-stream integral length scale, floor vibration
frequency, smoothness and flatness of the test surface, and
precision of streamwise pressure gradient control.
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Mean Velocity and Temperature Profiles. Mean velocity
and temperature profiles are plotted in wall units in Figs. 8
and 9, respectively. Since their overall evolution during the
transition process is similar to that of the 2 percent FSTI
case previously reported by Wang et al. (1987), only three
profiles of each are shown as representative of the mean
profile characteristics in the laminar, transitionai, and turbu-
lent flow region, respectively. In the laminar region, even at
the elevated values of FSTI, the mean profiles are consistent
with the laminar flow solution, as in the baseline case. In the
turbulent region, both the mean velocity and temperature
profiles preserve the logarithmic “law of the wall” character-
istics over a sufficient range of Y (from 30 ~ 300), but the
wake regions are completely depressed beyond Y* = 300 due
to the high FSTI, which is consistent with the previous resuits
of Blair (1983a, b) and Wang et al. (1987). In the transition
region, the mean profiles deviate from the typical laminar
and turbulent profiles. No established method has been
developed to compare them to those of the low-FSTI cases.
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Streamwise Velocity Fluctuation («'). The normalized
streamwise evolution of velocity fluctuation. /U, is shown
in Fig. 10 for the grid 2 case. For comparison, three profiles
of the baseline case, one near the onset of transition (station
3), one in the transition region with maximum u’ (station 7),
and one in the fully turbulent region (station 12), have also
been incorporated into Fig. 10. The onset of transition for
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grid 2, based on Stanton number distribution, is at Re, = 5
X 10*. Therefore, stations 1 and 2 for the grid 2 case are in
the laminar flow region. Comparison between the stations 1
and 2 for grid 2 case and station 5 for the baseline case
indicates that the «' in the laminar flow was significantly
elevated due to the higher FSTI. This is consistent with the
results reported by Dyban et al. (1980). It is especially inter-
esting to observe that the elevated u//U, distribution reaches
20 percent in the late laminar region (station 2) and remains
at such high levels throughout the early haif of the transition
region until station 6. It is also to be noted that in the

transitional flow, the maximum values of «’/U, at stations 4

and 5 in the grid 2 case are only slightly higher than the
maximum value at station 7 for the baseline case. This
implies that even at elevated FSTI, the maximum Reynoids
normal stresses due to the bursting activities are limited to
around o’/U, = 20 percent. This may also imply that the
penetration of the turbulence energy from the free stream
into the boundary layer results in a uniform redistribution of
turbulence energy across the boundary layer rather than in
providing more bursting energy. This second implication can
be further verified by examining the « distribution in the
turbulent flow region as shown by the /U, profiles of
stations 10, 11, and 12 in Fig. 10. This deep penetration of
elevated free-stream turbulence to near the wall is consistent
with the resuits of Wang et al. (1987). This is inconsistent
with the results reported by Sohn and Reshotko (1991).

Cross-Stream Velocity Fluctuation (¢/). The evolution of
/U, for grid 2 case, as shown in Fig. 11, is very different
from the baseline case in Wang et al. (1992) or other low
ESTI cases in Kuan and Wang (1990) and Sohn et al. (1991).
Three representative //U, distribution curves, as mentioned
in Fig. 10, are superimposed for comparison. It is obvious
that the effect of elevated FSTI on v/ is more predominant in
the outer boundary layer than in the inner boundary layer. It
appears that v/, in the boundary layer, is affected by FSTI
through an energy diffusion process rather than through a
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Fig. 12 rms temperature profiles

convective motion, or through a correlation with pressure
fluctuations (return-to-isotropy). This speculation arises from
by observing that the magnitude of v/ in the free stream
seems to control the ' distribution in the outer boundary
layer since the data points for each curve, for all flow regions,
indicate a smooth curve, which asymptoticaily approaches the
free-stream value of /. A typical near-wall peak of +/, which
appears in the transition region for the baseline case (e.g.. at
station 7), is not observed in the elevated FSTI cases. Appar-
ently, the elevated turbulence in the free stream does not
promote the cross-stream component of the near-wall turbu-
lence energy production, which produces large magnitudes of
energy in the streamwise component. The v//U, distribution
in the turbulent flow region at station 12 for the grid 1 case,
which has lower FSTI than the grid 2 case, is superimposed
in Fig. 11. A peak in ¢/ can be clearly seen near y/3 = 0.2.
The mechanism involved in producing this round peak can be
very different from the near-wall sharp peak prevailing in the
low-FSTI cases. However, it is not clear how the near-wall
production of the v/-component turbulence energy is sup-
pressed in the elevated FSTI cases and why the highest v/
value occurs away from the wall. Also shown in this figure
are the varying values of v//U, in the free stream along the
streamwise direction in the test section. The value of /UL,
which can be read from values beyond y/8 = 1.6 from Fig.
11, shows a variation from about 4.5 percent at stations 1 and
2 to 7 percent at stations 3 to 5 and back down to 4.5 percent
at stations 10 to 12. This trend can aiso be seen from v/u’ in
Fig. 3 since ' remains nearly constant along the streamwise
direction.

rms Temperature Fluctuation (#/). The evolution of the
rms temperature fuctuation for the grid 2 case, t'/AT, — T.),
as presented in Fig. 12. is very similar to «, with an elevated
value across most of the boundary laver except in the outer
boundary layer (y/6 > 0.8), where the elevated FSTI does
not enhance ¢ as would be expected in a nearly isothermal
region.
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Fig. 13 Reynolds shear stress distribution
Reynolds Shear Stress (uv). ’I'he evolution of the normal-

ized Reynolds shear stress, — uv uv u'?, for the grid 2 case, and
also the comparison with the basehne case, are shown in Fig.
13. For the grid 2 case, the normalized Reynolds shear stress
reaches a maximum value of about 1.9 at stations 4 and 3.
The peak value in the boundary layer then decreases and the
peak location moves closer to the wall. This evolution of uv
indicates that the turbulent shear is not generated near the
wall as is that for «, but is produced away from the wall, at
about y/8 = 0.3, and progresses toward the wall to eventually
affect the wall shear. This progression is similar to that for
the baseline case. The detailed description was provided by
Wang et al. (1992). The peak location for the baseline case in
the turbulent region at station 12 is closer to the wail than

that for the grid 2 case. The effect of elevated FSTI on uv.

seems smaller than on &’ and V.

Reynolds Heat Fluxes (¢ and ). The resuits of — ur
and ut, normalized by wall heat flux, for the grid 2 case are
presented in Figs. 14 and 15. For the grid 2 case, —ut/
a7 “/pC, } reaches its maximum value of almost 10 near
stations 4 and 5. Then the peak value in the boundary layer

ecreases and the peak location moves closer to the wall
The peak value in the turbulent flow region is about 7. For
the baseline case at station 12, the peak value is only about 2,
much lower than that for the grid 2 case. The locations of
these peaks closely correspond to those of the peaks for u’
(Fig. 10) and ¢ (Fig. 12). As shown in Figs. 10 and 12, &’ and
¢ are much higher in the laminar and turbulent regions for
the grid 2 case than for the baseline case, but are about the
same in the transition region as in the baseline case. The
lower value of — ut/ {q./pC,} in the transition region for
the grid 2 case compared to that in the baseline case is
unexpected. This is then identified as the low Reynolds
number effect.

As shown in Fig. 15 for the grid 2 case, the normalized
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Fig. 15 Cross-stream Reynolds heat flux distribution

cross-stream Reynolds heat flux, vt/ {q pC} reaches its
maximum value of about 0.9 at stations 5 ‘and 7 in the
transition region. This is later than wr, which reaches its
maximum value at station 4. The peak vaiue of vt/ {q, /pCo}
then decreases with the peak value in the rurbulent region to
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Fig. 16 Streamwise evoiution of eddy viscosity and turbulent ther-
mal diffusivity profiles =

about 0.7. The baseline case at station 7 is also shown in Fig.
15 for comparison. Negative vt occurs in the inner boundary
layer for the baseline case but no negative ut is observed in
the elevated FSTI cases. The possible explanations of this
negative value were discussed by Wang et al. (1992). The
spatial resolution of the probe is of special concern near the
wall because of the decreasing eddy size as the wall is
approached and the thin boundary layer in the baseline case.
For the higher FSTI cases, the free-stream velocity (~ 2 m/s)
was much lower than that for the baseline case (~ 12 m/s),
so that the boundary layer was much thicker. In the turbulent
boundary layer the magnitude of ur is elevated across the
entire boundary layer for the grid 2 case, as compared to the
baseline case at station 12 in Fig. 15.

Eddy Diffusivities and Turbulent Prandtl Number. The
eddy viscosity, €,,, and the turbulent thermal diffusivity, ¢,
normalized by their molecular counterparts at three stations
for the grid 2 case, are shown in Fig. 16. The results for the
baseline case at station 12 dre also shown for comparison.
For the grid 2 case, at station 1, where the flow behaves as
laminar, the turbulent transport is low compared with the
molecular transport, as expected, whereas for transitional
flow (station 5) and turbulent flow (station 12), the turbulent
transport is much higher than the molecular transport except
in the very near-wall region. For the baseline case, e/v
shows a peak near y/8 = 0.3 ~ 0.4 and gradually decreases
in the outer boundary layer. €,/a shows a similar behavior
except that the peak is not so obvious. For the grid 2 case,
which is very different from the baseline case, a peak of &,/v
appears near y/§ = 0.7 at station 5 in the transitional flow
region and y/8 = 0.55 at station 12 in the turbulent flow
region. e/ is similar 10 €,/v in the turbulent flow region;
however, in the transitional flow region, the maximum value
of €,/a occurs in the outer boundary layer (y/8 = 0.85).

The turbulent Prandtl number, Pr,, the ratio of the eddy
viscosity over the turbulent thermal diffusivity, is shown in
Fig. 17 for the grid 2 case. The data points are scartered in
the early transition region (stations 4 to 6) but stabilized in
the turbulent region (stations 10 to 12). In the region be-
wween y/8 = 0.2 to 0.8, the Pr, values are close to 1.2 10 L6,
which are higher than 0.9, a value commonly applied to fuily
turbulent flow for low FSTI cases. In the near-wall region
(y/8 < 0.2), Pr, values are larger than 2. The validity of these
values needs further verification due to the limits in spatial
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resolution in the near-wall region. However, values of Pr, in
the region of y/8 > 0.2 are believable. Based on these re-
sults, the higher turbulent Prandtl number (1.2 ~ 1.6) in the
transitional and low-Reynolds-number turbuient flow should
be considered in the modeling of transition.

The previous discussion is based on the comparison be-
tween the results of the baseline case and those of the grid 2
case. The comparisons among the grid 1, grid 2, and grid 3
cases are shown in Fig. 18. At maximum u' station in the
transition region (Fig. 18a), the effects of the different grids
on the u'/U, and v//U, are confined in the outer region of
the boundary layer (y/8 > 0.4), which are influenced by the
different FSTI levels. In the fully turbulent region, the peak
value of u'/U,, is slightly elevated due to a higher FSTI level
(e.g., higher grid number). A peak of v//U, in the boundary
layer is evident for grid 1 case, but is not observed for grids 2
and 3 cases due to_the higher FSTI levels. Since the stream-
wise evolutions of uv, ut, vt, and Pr, for these three grids are
similar during the transition process, only the comparisons of
the Pr, distributions are presented. As shown in this figure,
the Pr, distributions for these three grids are very similar at
maximum «’ station and in the fully turbulent region.

Conclusion

Experiments were performed to investigate the effects of
elevated FSTI (3 ~ 7 percent) on flow and thermal structures
in heated transitional boundary layers. Wall heat transfer
measurements indicated that elevated FSTI values result in
an earlier onset of transition and reduced length of transition
in terms of Re,, Res., and Re,. The calculated turbulent
spot formation rates at elevated FSTI cases agree with Mayle’s
correlation. In the turbulent region, the mean velocity and
temperature profiles demonstrate the logarithmic “law of the
wall” characteristics over a sufficient range of Y™ (30 ~ 300).
The wake regions are completelv depressed. :

The ' distribution is significantly elevated across the
entire boundary layer in the laminar and turbulent regions
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due to elevated FSTI. The u'/U, distribution reaches 20
percent in the late laminar region and remains at such high
levels throughout the early half of the transition region. In
the transitional region, the maximum Reynoids normal
stresses of bursting activities are only slightly higher than the
baseline case but are limited to approximately u«'/U, = 20
percent. The evolution of the rms temperature fluctuation is
very similar to ' with elevated values across 80 percent of
the boundary layer.

The ¢ distribution in the outer boundary layer is con-
trolled by the magnitude of ¢/ in the free stream. The typical
near-wall peak of «/, which appears in the transition region
at low FSTI, is not observed. In the rurbuient region, the very
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near-wall peak of o/ is suppressed and the maximum ¢/ value
occurs away from the wall in elevated FSTI cases.

The evolution of the uv distribution at elevated FSTI is
similar to that at low FSTI. In the transition region, Reynolds
shear stress is produced not in the near-wall region where
the vigorous turbulence production of u' occurs but away
from the wall, at about y/8 = 0.3. This high turbulent shear
progresses toward the wail and eventually affects the wall

shear.

The — ut/{q"/pC ) distributions are elevated in the lami-
nar and turbulent regions but reduced in the transitional
region at higher FSTI. This is caused by the low Reynolds

effect.

The vt distributions reach maximum values in the transi-
tion region slower than the evolution of ut. The regions of
negative values of ur, occurring in the transition region in the
baseline case, are not observed in the elevated FSTI cases.

In the near-wall region (y/8 < 0.2), the Pr, values are very
large (> 2); further verification of these high values is needed.
In the region of y/8 = 0.2 ~ 0.8, the Pr, values are close to
1.2 ~ 1.6. These higher Pr, in the transitional and low-Reyn-
olds-number turbulent flow should be considered in the
numerical modeling of transitional boundary layers.
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Flow and Heat Transfer Behavior
in Transitional Boundary Layers
| With Streamwise Acceleration

The effects of streamwise acceleration on a two-dimensional heated boundary layer
undergoing natural laminar—turbulent transition were investigated with detailed

F. J. Keller measurements of momentum and thermal transport phenomena. Tests were conducted
' over a heated flat wall with zero pressure-gradient and three levels of streamwise
acceleration: K = (v/0%) (dU./dx) = 0.07, 0.16, and 0.25 X 1073, Free-stream

T. Wang turbulence intensities were maintained atr approximately 0.5 percent for the baseline

case and 0.4 percent for the accelerating cases. A miniature three-wire probe was
used to measure mean velocity and temperature profiles, Reynolds stresses. and
Reynolds hear fluxes. Transirion onset and end were inferred from Stanton numbers
and skin-friction coefficients. The results indicate thar mild acceleration delays transi-
tion onset and increases transition length both in terms of distance, x, and Reynolds
number based on x. Transition onset and length are relatively insensitive to accelera-
tion in terms of momentum thickness Reynolds number. This is supported by the
boundary laver thickness and integral parameters, which indicate that a favorable
pressure gradient suppresses boundary layer growth and development in the transi-
tion region. Heat transfer rates and temperature profiles in the late-transition and
earlv-turbulent regions lag behind the development of wall shear stress and velociry
profiles. This lag increases as K increases, indicating that the evolution of the heat
transport is slower than that of the momentum transport. Comparison of the evolution
of rms temperature fluctuations to the evolurion of Reynolds normal stresses indicates

Department of Mechanical Engineering,
Clemson University,
Ciemson, SC

a similar lag in the rms temperature fluctuations.

Introduction

Knowledge of the physics involved in momentum and ther-
mal transport in the transitional boundary layer can be applied
to the external flow over gas turbine vanes and blades. For a
commercial gas turbine engine, it is common for as much as
50 to 80 percent of the turbine blade surface to be covered
with flow undergoing transition ( Turner, 1971). Most modeling
codes for heat transfer rely on some form of Reynolds analogy
to predict thermal loading, i.e., inferring the thermal transport
directly from the momenwum transport. Recent experimental
investigations indicate a breakdown in this analogy in the transi-
donal flow process (Blair. 1982, 1992; Wang et al. 1985;
Sharma, 1987; Volino and Simon, 1991). Therefore, the con-
ventional technique of basing heat transfer modeling on a con-
stant value or a multiple-layer model of the murbulent Prandt!
number may be inadequate. Since turbine blades are exposed to
a wide range of pressure gradients (Mayle, 1991), the reported
discrepancy between fluid mechanics and heat transfer is espe-
cially important. Recognition and understanding of the underly-
ing mechanisms involved in this discrepancy berween momen-
tum and thermal transport are essential to improving the accu-
racy of thermal load predictions. The purpose of this research
program is to investigate the effects of streamwise acceleration
on a two-dimensional boundary layer undergoing naturat transi-
tion. The transport mechanisms within the boundary layer must
e explored to determine what discrepancies exist betwesen the
momentum and thermal transport. thereby addressing the valid-
ity of Reynolds analogy for use in the transition process. The
results of this study have served as a valuable reference for

Contributed by the International Gas Turbine Institute and presented at the 39th
International Gas Turbine and Aeroengine Congress and Exposition. The Hague,
The Netherlands. June 13-16, 1994. Manuscriot received by the International
Gas Turbine Institute February 4. 1994. Paper No. 94-GT-24. Associate Techaicat
Editor: E. M. Greuzer.
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comparison with the results of streamwise acceleration in ele-
vated free-stream turbulence conditons (Zhou and Wang,
1993).

Most correlations for transition onset incorporate the com-
bined effects of free-stream turbulence intensity (FSTI) and
pressure gradient. In flows with low free-stream turbulence,
large discrepancies exist between these methods in predicting
transition onset, especially for favorable pressure gradients (Ar-
nal, 1984). For flows with low FSTI, the pressure gradient
significantly affects the transition onset. As FSTI increases, the
pressure gradient has less of an effect (Abu-Ghannam and
Shaw, 1980). The experimental results of many researchers,
for example, Turner (1971), Abu-Ghannam and Shaw (1980),
Blair (1982, 1992), Narasimha (1985), and Rued and Wittig
(1985, 1986), showed that a favorable pressure gradient in-
creases the length of transition. These results can be used to
predict the fluid mechanics and momentum transport in transi-
tional boundary layers and to predict heat transfer, provided that
some form of Reynolds analogy holds. However, for favorable
pressure gradient flow, experimental evidence indicates a break-
down of Reynolds apalogy. Blair (1982, 1992), Sharma
(1987), and Volino and Simon (1991) determined that the
length of transition for accelerating flows is longer for the ther-
mai than the momentum boundary layer. By comparing the
Stanton aumbers and temperature profiles to the shape factor
and velocity profiles, Blair (1992) determined that the physical
length of transition is one-third longer for heat transfer than it
is for flow with X = 0.20 X 1075. Blair reasoned that the
difference between the velocity and the temperature profiles is
produced by the streamwise pressure distribution. The boundary
layer velocity distribution depends directly on mainstream ac-
celeration, as shown by the equations of motion. The tempera-
ture distribution is only indirectly linked to the pressure gradient
through the effect of acceleration on the trbuient transport of
heat. These results indicate that inferring transition information
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from the heat transfer measurements alone is unreliable for
accelerating flow and that transition prediction based on fuid
mechanics measurements will not accurately predict the heat
transfer in transition.

Information regarding the mean flow structure within the
transitional boundary layer for a zero-pressure gradient is well
documented. Most of the results isolate the etfects of FSTI on
heat transfer and flow structure. Typical parameters investigated
are mean velocity and temperature profiles, fluctuating turbulent
velocity and Reynolds shear stresses (#'?, v'*. @v), and Revn-
olds heat fuxes (vF, uf). The highlights of these results are
listed below.

1 The streamwise fluctuating wrbulent velocity (')
reaches a peak value of approximately 18 percent of Usx.
regardless of the level of FSTI (Schubauer and Kleba-
notf. 1956; Wang et al., 1985; Kim et al., 1989; Kuan
and Wang, 1990). This value is greater than the value
for fully turbulent flow.

2 The u' profiles in the transition region are characterized
bv two peaks, one near-wall peak and a second peak
midway through the boundary layer (Wang et al.. 1985;
Sohn et al., 1989; Kuan and Wang, 1990). The cause of
the second peak is still the subject of controversy.

3 The cross-stream fuctuating turbulent velocity (v’)
reaches a constant value much earlier than u’, indicating
that the flow in a transitional boundary layer is less iso-
tropic than the flow of a fully turbulent boundary laver.
The location of the peak in v’ in the streamwise direction
coincides with the location of the peak in u’ in the
streamwise directon (Kuan and Wang, 1990).

4 Measurements of the average Reynolds cross-stream heat
flux (7f) have resuited in negative values near the wall
for some researchers (Sohn et al., 1989; Wang et al,
1992), while they remain positive for others (Kim et al.,
1989). The reasons for this are as yet unknown.

Current documentation of the mean flow structure within
transitional flows with favorable pressure gradients is exaremely
limited. Blair (1992) presented velocity and temperature pro-
files through the transition region for boundary layer flow with
K =020 X 10~ and FSTI = 2 percent (high FSTI transition).
The results showed that the development of the temperarure
profiles iags behind those of the respective velocity profiles.
This strongly indicates that acceleration affects heat wansfer
differently than it does flow structure. The cause of these differ-
ences remains to be determined. To the knowledge of these
authors, no further information is available regarding detailed
flow and thermal structure within the transitional boundary layer
with a favorable pressure gradient.

Flow Direction 229UNI'I’S: cm
152 —| Profile
rmeasurement
— 51— ' | ion ~7

ot|l, R T - 43
86&40—4».9—39-0-10—6—0—6-03 -o-o-l

76 Therm !

178

_ Fig. 1 Thermocouple layout on heated test wail

Experimental Program

Test Facility. The experiments were conducted in a two-
dimensional, open circuit, blowing-type wind tunnel capable of
a maximum air speed of 35 m/s, uniform within 0.7 percent
and steady within 1 percent over a 20-hour period. Rayon-
viscous felt capable of filtering out particles larger than 5 um
was used to filter the inlet airflow. The free-stream air tempera-
ture, controlled by the heat exchanger and the air-conditioning
system in the laboratory, could be maintained within 0.5 °C
over a period of 20 hours and uniformly within 0.1°C. To ensure
that the boundary layer began at the leading edge of the test
wall, a suction fan and low-pressure plenum were instailed to
provide suction. A detailed description of the wind wunnel is
provided by Kuan (1987) and Kuan and Wang (1990).

The test section was designed with a large aspect ratio of
6. which provided the two-dimensional flow required in this
investigation. The test section was 0.15 m wide, 2.4 m long,
and 0.92 m high. A composite construction was utilized for the
rectangular 2.4 X 0.92-m heated test wall. This design allows
for flexibility, so that the test wall can be bent to varying degrees
of streamwise curvature for future studies. The back surface was
insulated with 25.4 cm of R30 fiberglass to minimize backplane
conduction losses. The heating pad consisted of a heater foil
sandwiched between glass cloth and silicon rubber sheets. A
1.56-mm-thick aluminum sheet was vulcanized to the front sur-
face of the heater pad to improve the uniformity of the heat
flux. A 1.56-mm polycarbonate sheet was placed on the front
surface to provide a smooth test surface on which the air flows
and from which measurements were taken. One hundred eight-

Nomenclature

C; = skin-friction coefficient =

u, v = instantaneous velocity fluctua-

Y*=yulv

1 (pT%(x)12) tons in streamwise and cross- T’ = intermittency factor
C, = pressure coefficient = (P - streamn directions § = boundary layer thickness at 0.995
P )i3p0%, u’, v’ = rms values of velocity fluctua- U. -
¢, = specific heat tions §* = displacement thickness
K = pressure gradient parameter = %, = friction velocity = Vr./p 8 = momentum thickness
(01 T%(x)) (dUa(x)/dx) " U, V = instantaneous velocities v = kinematic viscosity
P = static pressure 0 = mean veiocity p = density
q2 = wall heat flux U” =Uu. : 7. = shear stress on the wall
Re, = Reynolds aumber = O.(x)xlv uv = mean Reynolds shear stress Subsecripts

¢ = instantaneous fluctuarion in tem-

perature flux
¢ = rms value of temperawure flucua-
tion heat flux

instantaneous temperanues

T=
T = mean temperature uon
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ut = mean Reynolds streamwise heat
Ut = mean Reynolds cross-stream

x = coordinate in streamwise direc-

end = end of transition
ref = reference location at x = 20 cm
s = onset of ransition
w = at the wall
= = free-stream value

y = coordinate normal to the surface
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Fig. 2 Free-stream velocity for each case

five 3-mil E-type thermocouples were ambedded beneath the
test surface and were strategically placed along the test surface
to capture the spanwise and streamwise evolution of the wall
heat transfer during the transitional flow process (Fig. 1).

Fourteen measuring holes of 2.54-cm diameter were drilled
along the centerline axis in the outer observation wall. The first
centerline measuring hole (station 1) was located 20 cm from
the leading edge. with the remaining measuring holes placed
every 15 cm (labeled sequentially station 2 through 14). When
the probe was placed through the measuring hole into the test
section, the length of the probe extended 2 cm upstream of the
hole location. Plexiglas plugs. flush with the inner surface, were
used to plug the holes when measuremezts were not being taken.
Slots cut into the borom wall and the top wall provided for
adjustment of the outer observation wall in order to vary the
pressure gradient in the test section. A detailed. description of
the test section and heated test wall was documented by Wang
et al. (1992).

Geometry of the Test Section. The geometry of the test
section used in this investigation was first described by Keller
and Wang (1993), and is repeated here for clarity. For the
baseline case, with no acceleration, the outer wall of the test
section was adjusted to account for the growth of the boundary
laver and to maintain a near-zero pressure distribution inside
the test section with a variation of pressure coefficient, Cp,
within 1 percent. Three different favorable pressure gradients
were utilized in this investigation. A constant pressure gradient
parameter, K, was maintained during each case. One of the
advantages of using a constant X over other pressure gradient
parameters is that a constant K can be conveniently obtained
by linearly decreasing the width of the test section from the

6x10° =
&
3 o - i
1x10” |o - T
A -
o - =
— STANS x
2x10'4
1x10* 1x10’

Fig. 4 Centeriine Stanton number distribution for all cases

inlet to the exit. Fine tuning of the local width of the test section
removed the effect of boundary layer growth on the pressure
gradient. For each acceleration case. the width of the test section
inlet was maintained at 15.24 ¢m. and the downstream width
was arranged to decrease lineariy to the exit plane. An exit
width of 14.6 cm was used for the lowest acceleration case of
K = 0.07 X 105, while an exit width of 8.9 cm was used for
the highest acceleration case of K = 0.25 X 107%. It should be
noted that a constant X flow is inherently different from a Falk-
ger-Skan flow, which has a consiant A(= (8°/v) (dU=(x)/
dx)) value. Detailed explanations concerning the physical
meaning of flow and thermal features of accelerated boundary
layers with constant X values and the differences between a
constant K and a constant A flow were made by Zhou and Wang

(1992).

Three-Wire Sensor. A speciaily designed. miniature three-
wire probe was used to measure the boundary layer velocity
and temperature data. An X array, consisting of two 1.0-
mm-long and 2.5-um-dia Wollaston-type platinum-coated tung-
sten wires was used as the velocity sensor. An active sensing
length of 0.5 mm. was etched in the center. The “X" wires
were placed orthogonal to each other with a spacing of 0.35
mm. The temperature sensor is a 0.35-mm-long unplated plati-
num wire 1.2 gm in diameter placed normal to the mean flow
direction. in a plane parallel to the plane of the cross wire and
spaced 0.35 mm from the ‘X" array. A complete description
of the probe design and qualification, specifically in a heated
transitional boundary layer, can be found in Shome (1991).

" Table 1 Reynoids numbers at onset and end of transition for afl test

cases (note: **** indicates that no end of transition was observed in the
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Fig. 3 Skin friction coefficient versus Reynoids number for each case
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Measurements and Instrumentation. The velocity sen- A, .- A4 T .
sors were operated in a constant-temperature mode. using a Lo Yai
TSI model IFA 100 Intelligent Flow Analyzer. A DISA M20 0 1
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60 5 5a0s reoo .+ Y
50 E- ®-Sudé =000 U= Fig. 7 Mean temperature profiles for K1 = 0.07 X 10~¢ in wail units
E 0-Sw7 =002 ~—= STANS
40 F )
p - Su0d r=037 . temperature bridge was used to operate the temperature sensor
=) 30 [ a-Sw09 r=082 ] in the constant current mode. For future turbulent power and
- ’ thermal power spectral analyses, TSI Model 157 signal condi-
- ’ tioners were used to low-pass filter sienals from all three sen-
4
20 _ sors. The **X " wires of the three-wire sensor were operated at
E Musker (1979) overheat ratios of 1.43 and 1.66. The temperature sensor was
10 + .- operated with a very low overheat ratio. The probe current was
2o _ set at 0.1 mA, and an amplifier gain of 3500 was used. For
0 ot P+ " 2.44 }I-‘-(-Yﬂ Al S PETTY! B convenience, the velocity wires are° referred to as hot wires, and
the temperature wire is referred to as a cold wire in this stdy.
1 10 100 1000 4000  The optimum frequency response found for each velocity wire
Y was approximately 200 kHz. The frequency response of the
60 p o 5al0 =098 temperature sensor was experimentaily determined to range
F - from 4800 to 6400 Hz. depending on the velocity, by using the
50 P e-Smil T=100 + DISA M?20 constant current bridge (see Wang et al., 1992, and
. sai2 =100 U= Keller. 1993, for details). In addition to the three-wire sensor,
40 & mis 1=k a single hot wire was used (0 cross-check the results obtained
L @.Swi3 =100 from the three-wire sensor and to provide guidance for calculat-
5 30 :_ ing the skin-friction coefficient in the near-wall region. The daa
p A-Sal4 T= 1.00 from all of the sensors were subsequently sampled at 2 kHz for
- J 20 seconds with the low-pass filter set at 1 kHz.
20 The wind tunnel, the test wall power supply, and the cooling
C Musker (1979) water supply were started at least 12 hours prior to the experi-
10 F ment. A global measurement for wall temperature distribugon
U+ =244 In(Y+) +5 was performed by scanning the temperature approximatety ev-
o | T R TYTY| erv two hours. Each tme. an average of three different scans.
each made at a sampie rate of 1 channel/second, was obtained.
1 10 100 1000 4000  The local wall emperamre was checked before. midway
Vel ‘ through. and after each measurement of the boundary layer
temperature profile to ensure that it remained steady. Both the
Fig. 6 Mean velocity profiles tor K1 = 0.07 x 10~¢ in walt units global and local check served to monitor the steadiness and the
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free-stream temperature as well as the wall temperarure. The
thermocouple measurements were made through a Fluke 8842A
5-1/2 digit digital multimeter and a Fluke 2205A switch con-
woller. For each case, a uniform heat flux of 335 W/m® was
applied to the test wall, and the free-stream temperature was
maintained at approximately 15°C. The resulting wall tempera-
tures ranged from 24°C to 41°C. All fluid properties were evalu-
ated at atmospheric pressure and free-stream temperature.

Results and Discussion

In the following discussion, the results of the baseline case
are used for comparison with the accelerating cases. Please refer
to Keller (1993) or Wang et al. (1992) for detailed documenta-
ton of the baseline case. After the sampled data were reduced,
the intermittency function was obtained. The value of this func-
don is 1 if the flow is turbulent, and O otherwise. The total
percentage of time that the intermittency function is 1 deter-
mines the intermittency factor, I'. For a complete description
of the method used to determine the intermittency factor, refer
to Keller and Wang (1993). The free-swream velocities for each
of the three accelerating cases, along with the velocity of the
baseline case, are shown in Fig. 2. For each accelerating case,
the free-stream velocity at station 1 (the reference station for
the Cp measurements) was maintained as close to the value
used during the baseline case as possible. The X values obtained
were K = 0.07 X 107, K = 0.16 x 1074, and K = 0.25 X
10~¢. These values are termed K1, K2. and X3 for the remainder
of the discussion.

Skin Friction, Stanton Number, and Integral Parameters.

Station numbers are used when referencing all measurement
locations. The variaton of skin-friction coefficient for each case

60
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Fig. 8 Mean velocity profiles for K2 = 0.16 x 107* in wall units
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Fig. 9 Mean temperature profiles for K2 = 0.16 x 10~ in wall units

is shown in Fig. 3. All skin-friction values were obtained from
the mean velocity profiles, inciuding single hot-wire measure-
ments for use as 2 guide. Mean velocity proifile outputs from
the STANS code (NASA/Lewis version, expanded from the
original version from Crawford and Kays. 1976) were used to
compare the laminar stations. The skin-friction values for lami-
nar and turbulent flow from the STANS solutions are also shown
in Fig. 3. For the laminar region, an increasing K makes the
mean velocity profiles fuller, and thus increases the skin-friction
coefficient. The same effect occurs in fuily rurbulent flow. From
Fig. 3, it is observed that a higher X value delays the onset of
transition and increases the length of transition. These observa-
tions are consistent with the experimental results of Turner
(1971), Abu-Ghannam and Shaw (1980), Blair (1982, 1992),
Narasimha (1985), and Rued and Wittig (1985, 1986).

The distribution of centerline Stanton numbers for each case
is shown in Fig. 4. The Stanton numbers for all three accelerat-
ing cases follow their corresponding laminar correlations for
zero pressure gradient up to the point of wransition, and then
approach the fully turbulent correlation at the end of transidon.
This is consistent with the experimental resuits of Blair (1982)."
which indicated no significant deviaton from the laminar or
turbulent correlations for flows with X values of 0.2 x 10~
and 0.75 x 107°. For a strongly accelerating flow, such as X
= 3.2 X 107%, Rued and Wirtig (1985) observed a 20 percent

increase in Stanton number over their zero pressure gradient
case for the early laminar region. followed by a slight decrease
beiow the zero pressure gradient laminar correlation as the
Revnolds number increases. The effects of streamwise accelera-
tion on Stanton number in the laminar and turbulent boundary
layer are not significant until a relatively large value of K is
obtained.
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In this investigation, transition onset was defined by the loca-
tion. L, where the skin-friction coefficient (and/or Stanton pum-
ber) deviates from the laminar correlation, and the end of transi-
tion was defined as the point of maximum skin friction (and/
or Stanton number) immediately following the rise of Cr. The
onset and end of transidon were inferred from Figs. 3 and 4,
and are listed in Table 1. As K increases, the location of transi-
tion onset is delayed both in terms of physical distance, x, and
Reynolds number based on x. For the three accelerating cases,
Re,, appears insensitive to the point of transition. which is con-
sistent with the observations of Blair (1992). This is also con-
sistent with the observation made by Abu-Ghannam and Shaw
{1980), that a favorable pressure gradient has an insignificant
effect on the onset of transition in terms of Re,. The physical
length of transition, in terms of x, for the K1 case is actually
shorter than that of the baseline case by approximately 12 per-
cent (7 cm). This is attributed to the spacing of the measuring
stations and the difficuity in obtaining an exact transition start
and end point. Determination of the onset and end of transition
was limited to a measuring station location or a point midway
berween two stations. If the point was determined to be midway
berween two stations, then the free-stream velocity and integral
parameters were estimated by linearly interpolating between the
values at the adjoinigg stations. For the K2 case, the physical
length of the transition region is much longer (42 percent) than
the baseline case or the X1 case. The length of transition in
terms of Re, and Re;* increases as K increases, whereas the
length of transition decreases in terms of Re, as K increases.
For the K3 case, the length of the test section was insufficient
to obtain fully turbulent conditions.

The momentum boundary layer thickness, thermal boundary
layer thickness, and integral parameters for each case are shown
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in Fig. 5. Increasing the pressure gradient suppresses boundary
layer growth and development through the transition region.
For the strongest accelerating case, K3, the boundary layer dis-
placement thickness and the momentum thickness actually de-
crease in the downstream direction. This is consistent with the
analytical results of Zhou and Wang (1992) for laminar flows
with constant X values.

Mean Velocity and Mean Temperature Profiles. The
mean velocity and temperature profiles for cases K1 and K2 are
shown in wall units in Figs. 6—9. The results of the X3 case
are omitted from further discussion since the flow for this case
never reached beyond the early transition region, and no addi-
tional information was obtained. For the lowest accelerating
case, K1, the mean velocity profiles followed the laminar soiu-
tion up through station 7. The flow was transitional from stations
8 through 10 and matched the fully turbulent correlation for a
zero pressure gradient flow from station 11 to stadon 14 (Fig.
6). Blair (1982, 1992) reported that the velocity profiles for
fully wrbulent flow with K = 0.2 X 10~ also matched the zero
pressure gradient correlation. However, Julien et al. (1969)

- reported that for X values greater than 0.57 X 107%, the fully

turbulent velocity profiles slightly ‘‘overshoot”” the log-linear
region of the zero pressure gradient mrbulent correlation. Ap-
parently, low K values, aithough sufficient to affect the onset
of transition, are insufficient to cause significant deviation from
the zero-pressure gradient turbulent correlation. The mean em-
perature profiles for the X1 case are shown in Fig. 7. The mean
temperature profiles begin to deviate from the laminar solution
at the same location as the mean velocity profiles; however.
comparison of the transitional profiles reveals that the stream-
wise evolution of temperature lags behind the velocity distriou-
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tions. This lag is evident at stations 11 and 12, where the veloc-
ity profiles are in close agreement with the law of the wall,
but the temperature profiles exhibit a much shorter logarithmic
region and are still approaching the fully turbulent profile. A
similar observation was made by Blair (1982, 1992). For the
K2 case, the same observation is made in Figs. 8 and 9. The
mean velocity profiles in the turbulent region have a slightly
steeper slope in the linear-log region than does the zero pressure
gradient turbulent correlation. No obvious wake region is ob-
served. This is similar to the ‘“*overshoot’” in the log-linear
region observed by Julien et al. (1969). For the transitional
process, the lag of the temperature profiles behind the velocity
profiles is more clear in the K2 case. These results indicate
that the development of momentum transport in accelerating
transitonal flows leads the development of thermal transport.
Sharma (1987) showed that current transition modeling
schemes predict the momentum boundary layer in accelerating
flows well. but fail to predict the thermal boundary layer. This
failure was determined to be due to the different paces of devel-
opment of the momentum and thermal transport. Sharma
swessed the need to model this discrepancy correctly so that
accurate predictions can be obtained. These authors believe that
an improved understanding of the physical mechanisms can be
obtained by investigating the Reynolds stresses and heat fluxes
inside the boundary layer, as shown in the following sections.

Streamwise and Cross-Stream Turbulent Fluctuating Ve-
locities (u’ and v'). The streamwise evolution of turbulent
fluctuarting velocity, «', for K1 and K2 is shown in Figs. 10 and
11. respectively. The turbuient fluctuating velocities (u’ and
") are related to the Reynolds stresses as pu’? and pv’2. The
laminar stations exhibit a peak in u’ at approximately ¥~ =
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Fig. 12 Cross-stream fluctuating turbulent velocity distributions for K1
= 0.07 x 16~* in wail units
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40. The magnitude of the peak intensity in the baseline case is
approximately 5 percent of the free-stream velocity. The magni-
tudes of the peak intensities for the pressure gradient cases
range from 7 to 9 percent of the free-stream velocity. These
values are similar in magnitude to the intensities observed at
the onset of transition for the baseline case. This indicates that
in the presence of a favorable pressure gradient, a laminar
boundary can tolerate a higher «’ without undergoing transition
than it can.in the zero pressure gradient case. Within the transi-
tion region, the peak intensity observed in u’/U. decreases as
K increases. For the baseline case, the maximum u’ in the
transition region was 19 percent of the free-stream velocity.
This maximum value slightly decreased to 18 percent for K1
and to 16 percent for X2. For all three cases, the peak intensity
in u’ occurred in the transition region at approximately ¥ * =
30, near the beginning of the velocity log-linear region. For the
fully turbulent region, as X increases, the peak intensity in u’

. is suppressed in the near-wall region between 10 < ¥~ <750,

but it remains at the same level at the end of the log-linear

‘region, 200 < Y™ < 300. This decrease is most likely due to

2 thickening of the viscous sublayer relative to the boundary
layer thickness. It should be noted that the growth of both the
viscous subiayer and the boundary layer is suppressed by a
favorable pressure gradient; however, the viscous sublayer is
suppressed less than the boundary layer. '

The cross-soream wrbulent fluctuating velocities. v’, for X1
and X2 are shown in Figs. 12 and 13. respectively. The trend
in the development of v’ for the accelerating cases is similar to
that observed in the baseline case, but with less magnitude
in the rransition region as K increases. However, one distinct
difference is observed in the fully turbulent region. For the
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baseline case, the value of v’ in the velocity log-linear region
(40 < Y™ < 200) is fairly constant. with a value of about 3.7
percent of the free-stream velocity. As K increases, this value
is suppressed, and does aot extend as far out into the boundary
layer. For the K2 case, 3' never maintains a constant value. but
progressively decreases ifrom the near-wall maximum. It ap-
pears that pressure gradient affects =" more in the outer bound-
ary layer than in the near-wall region.

The evolution of the maximum z’ and v’ for X1 and K2 is
compared 1o the baselize case in Fig. 14. The streamwise loca-
tions are aligned with e onset and the end of transition. The
results are similar to those observed Trom the baseline case. ie.,
that 1’ increases to a maximum vaiue in the early stage of
wransition and reduces in the late transition region. However, v’
reaches the maximum value at about the same location that u’
reaches the maximum. Dut it maintains this maximum value up
through the wrbulent dow region (see Kuan and Wang, 1989).
The location of the peak value of 4’ migrates closer t0 the wall
as the flow progresses downstream. Compared to the values of
«' and v’, the flow in the transition region is much less isotropic
than the flow in a fully wurbulent boundary layer.

Reynolds Shear Stress (iiv). Figures 15 and 16 show the
evolution of Reynolds shear stress for cases K1 and K2, respec-
tively. As the K value is increased. the ratio of the turbulent
shear to the wall shear is reduced at each corresponding I value.
For example, the values of #v/u. at station 8 (T = 0.37) for
the X1 case in Fig. 15 are higher than those at staton 10(r =
0.37) for the K2 case in Fig. 16 (note: the large scatter observed
for station 8 is due to the low intermitwency in the early wansition
region). This is due to the increased pressure gradient, which
acts to make the velocity profiles fuller, thus increasing the
viscous shear near the wall. In the pretransitional region. nega-
tive values occur for 30 < ¥ < 80. The cause of these negative
values is not clear. In the transition region of the K1 case, the
peak values of @V at station 9 are approximateiy 50 percent
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larger than the wall shear. This indicates that the turbulent shear
is generated within the boundary laver and imposes itself on
the wall shear, as in the baseline case (see Wang et al., 1992).
For the K2 case, the turbulent shear never exceeds the wall
shear. At station 12, shown in Fig. 16, the turbulent shear
reaches a maximum value of approximately 90 percent of the
wall shear. This value is only 30 percent greater than the fully
rurbulent value of station 14. This may be due to the applied
pressure gradient suppressing the local turbulent shear genera-
tion at ¥ * = 100. This might also be explained as follows: The
applied pressure gradient results in an effective communication
berween local high turbulent shear, generated around Y* =
100, and the wall. such that the wall shear is quickly adjusted
to the produced shear away from the wall. Also, a comparison
of the Reynolds shear stress shown in Figs. 15 and 16 and the
u’ shown in Figs. 1013 reveals that the amplification process
of the Reynolds shear stress near the onset of transition between
stations 6 and 7 is faster than that of the Reynolds normal stress.

The rms Temperature Fluctuation. The evolution of the
rms temperature fluctuations normalized by the temperature dif-
ference (T, — T=) is shown in Figs. 17 and 18. In the laminar
region, the ¢/ profiles are similar o the u’ profiles. A peak
occurs at approximately ¥ * = 40, which is greater in magnitude
than the corresponding profiles for the baseline case. In this
region, a favorable pressure gradient has similar effects on t
and u’. As in the evoluton of «’, shown in Figs. 10 and 11,
there is little change in ¢’ between stations 6 and 7.

As transition proceeds, the peak of ¢’ rapidly increases in
magnitude, similar to the increase observed in u’. Direct com-
parison of the evoludon of ¢/, shown n Figs. 17 and 18, to the
evolution of «’ and u’, shown in Figs. 10~13, indicates a lag
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in the evolution of the rms temperature fluctuations relative to
the fluctuating velocities. For the K1 case, the t’ profiles con-
tinue to develop up through station 13, while «’ in Fig. 10
reaches an equilibrium state by station 11. This lag of +* behind
u’ in reaching equilibrium is more pronounced for the X2 case,
as a comparison of Figs. 11 and 18 reveals. In Fig. 17, station
13 has two distinctive peaks at ¥~ = 40 and 200, respectively;
station 14 has a constant value on the region of 20 < Y™ <
100 and a peak value at ¥ * = 300. This supports the observation
drawn from the mean temperature and velocity profiles that the
thermal transport lags behind the momentum transport in the
transition region.

There are secondary ¢’ peaks occurring at the outer portion of
the log-linear region in the late-transitional and early-mrbulent
stations (stations 1214 in Fig. 17 and stations 11-13 in Fig.
_18). The magnitude of this second peak (located at approxi-
mately ¥ * = 200) increases as K increases, and actually exceeds
the near-wall peak (located at approximately ¥~ = 30). This
effect was not present in the fluctuating velocities, which indi-
cates that an applied pressure gradient affects the thermal struc-
tures differently in this region than it does the flow swructure.
This may be a result of the differences between the transport
mechanisms of momentum and heat.

Reynolds Heat Fluxes (vf) and ut). Measurement of the
cross-stream Reynolds heat flux, v7, for the baseline case was
discussed in detail by Wang et al. (1992) and Keller (1993).
The results for station 5 are not shown since the flow was
pretransitional and 57 and uF are near zero. Large negative values
of 7 were obtained in the inner boundary layer. The magnirude
and boundary layer penetration of these negative values were
the greatest in the midtransition region. As the transition process
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advanced, the near-wall region of negative i became narrower,
finally occupying the inner 5~ 10 percent of the boundary layer.
A negative time-averaged v7 in a thermal field of negative mean-
temperature gradient results in a negative eddy thermal diffusiv-
ity, which is physically inappropriate. To explore this issue
more fully and to attempt to determine whether the occurrence
of a negative i within the boundary layer was a real physical
phenomenon or an induced measurement error, several possible
explanations were investigated: (1) insufficient frequency re-
sponse of the cold wire (thermal lag), (2) thermal cross-talk
berween the hot and cold wires, (3) spatial resolution of the
three-wire probe, and (4) three dimensionality of the transi-
tional flow.

The issues of frequency response and thermal cross-talk were
investigated experimentally and determined not to contribute to
the negative U measurements (see Keller, 1993). ,

The issue of spatial resolution of the probe is of special
concern near the wall since the eddy size decreases as the wall is
approached, which may result in the two crossed wires sensing
different velocities. This subject was investigated by Ligrani
and Bradshaw (1987), who recommended that the spanwise
distance between the sensors be S© < 20 ~ 25, where §* is
the spacing between the wires in the wall coordinates. For the
baseline case, $™ ranged from 12 to 23, which satisfied the
recommended spacing. Sohn et al. (1989) aiso observed nega-
tive 77 in the transitional boundary layer and discussed the issue
of spatial resolution. They believe that the negative v7 values
may be due to sensor spacing; they have outlined a plan to
investigate the effects of S, but no results have been published
to date. To reduce the impact of spatial resolution. the flow
speed was reduced to 8 m/s, so that a relatively thicker boundary
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layer could be obtained. Similar large negative values of if were
again measured. A further reduction of the flow spesd below 8
m/s resulted in total laminar flow in the present facility, so the
effect of spatial resolution is not resolved.

The issue of three-dimensional effect is also of special con-
cern for two reasons: (a) the uncertainty of the yaw angle can
significantly contribute to the overall measurement uncertainty,
and (b) the spanwise Reynolds heat flux. wt. would be im-
portant for transferring thermal energy. An uncertainty analysis
showed that a +2° uncertainty in the flow angle relatdve to the
wire can contribute to =20 percent uncertainty in tr measure-
ment. Although 20 percent uncertainty may seem large. it does
not alter the sign from a negative to a positive value. If the
effect of three dimensionality is significant, the negative uf
might be valid. because the downwash flow surrounding the
turbulent spot brings in cooler flow from the mainstream toward
the wall. This implies that further study is needed to measure
37 and to verify that the measured energy transport is conserved
in a control volume in the transitional boundary layver. The
effect of fluid convection due to thermal gradients in the heated
boundary layer was estimated by comparing the ratio of Grashof
number to the Reynolds number squared. The ratio was below
0.1: therefore thermal gradients were determined to be insig-
nificant. and were not considered to be a contributor to the
effect of three dimensionality.

The evolution of normalized o for the accelerating cases is
shown in Figs. 19 and 20. The results are very similar to the
results of the baseline case, with the following excepton. As
K increases, the negative values of normalized vz in the transi-
tion region increase in magnitude (i.e.. become more negative),
extend further into the boundary layer, and remain loager down-
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stream. As the velocity increases under the influence of a favor-
able pressure gradient, the spanwise distance between the sen-
sors (in terms of $*) increases, although S* for the accelerating
cases met the criteria recommended by Ligrani and Bradshaw
(1987), §* < 20 ~ 25. If spatai resoluton of the sensor is
the cause of the negative U7 measurements, then the thinning of
the boundary layer as K increases might explain the increase
in the magnitude and the boundary layer penetration of the
negative o7 values. This topic is discussed in detail by Kelier
(1993).

The streamwise Reynolds heat fux, uf, normalized by the
wall heat flux, is shown in Figs. 21 and 22. For the baseline
case, the magnitude of the peak value of normalized uf in the
transition region was approximateiy 17 times that of the wall
heat flux. For the accelerating cases. this magnitude increased
to approximately 20 times the wail heat flux. The location of
this peak value moves away from the wall as X increases. For
the basefine case, the peak intensiry occurs at approximately
Y* = 30, while for the K2 case. the peak has moved to about
Y™ = 50. This may be caused by a thickening of the conduction
layer relative to the boundary layer. The second peak at Y~
= 200 that was observed to occur in ¢’ is also seen in the
normalized uf profiles. The magnituce of this second peak. rela-
tive to the magnitude of the near-wall peak, also increases as
K increases. This indicates that a favorable pressure gradient
has a similar impact on the streamwise Reynolds heat flux as
ithason ¢'.

The observations made from the Reynolds suwresses. Reynolds
heat fluxes, and rms temperature fluctuations within the bound-
ary layer indicate that a favorable pressure gradient affects ther-
mal structures differently than it arfects flow swructures in the
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transitional boundary layer. Conditional sampling must be used
to investigate further the intermittent flow and thermal structures
in separate nonturbulent and turbulent portions to determine the
causes of the differences observed and to address the impact of
the large-scale eddy motion on these structures in transitional
boundary layers.

Eddy Viscosity (€y). Since the issue of negative vf mea-
surements was not resolved. eddy diffusivities and turbulent
Prandtl numbers for the accelerating cases are not presented.
The evolution of the eddy viscosities for the accelerating cases
normalized by their viscous counterparts is shown in Figs. 23
and 24. In the early transition region. €, is approximately zero.
As transition progresses. €, grows rapidly, reaching a peak
magnitude at y/§ = 0.4 for both the K1 and K2 cases, similar
to that observed in the baseline case. While the y7§ lecation
of this maximum value does not change as the flow moves
downstrearn. the magnitude of the maximum value continues
to increase. As K increases, the peak magnitude of the eddy
viscosity is reduced. This supports the observation from Figs.
15 and 16 that the ratio of turbulent shear to the wall shear is
suppressed as K increases.

Uncertainty Analysis

Uncertainty analyses were conducted for the surface measure-
ments. C; and St, the boundary layer measurements, g.T. u',
uv. and o7, and the integral parameters, 6%, 9, and H. The
propagation of the individual uncertainties into the final results
was determined using the procedure set forth by Kline and
McClintock (1953). The resultant uncertainties are listed in
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Table 2. A complete listing of the uncertainties and details of
the methods used are documented by Keller (1993).

Conclusions

The effects of streamwise acceleration on the flow and ther-
mal structures of a two-dimensional heated boundary layer un-
dergoing natural transition from laminar to turbulent low were
investigated in detail. A specially designed. miniature three-
wire probe was used to measure the Reynolds swesses and

Table 2 Resuitant uncertainties

Parameter Uncertainty
magnitude (%)

Cs 5

Cf (transition) 13

St 4

U 2.8

T -0

v 7.1

av 11.9

vt 21.0

5" 3.6

9 7.5

H 5.9

v+ 4.7

Ut 4.7

™ 3.2
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heat fluxes within the transitional boundary layer. The primary
conclusions are summarized below. »
Streamwise acceleration was shown to delay the point of
transition onset both in terms of physical distance, x, and Reyn-
olds number based on x. The transition onset momentum Reyn-
olds number, Re,,, was relatively insensitive to acceleration. In
general. the physical length of transition increased with increas-
ing K. However. the transition length in terms of Re, was rela-
tvely constant with increasing K. This was supported by the
boundary layer thickness and integral parameters, which indi-
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Fig. 23 Distribution of eddy viscosity for K1 = 0.07 x 10~
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Fig. 24 Distribution of eddy viscosity for K2 = 0.16 x 10~

cated that an increasing pressure gradient suppresses boundary
layer growth and development through the transition region.
The streamwise fluctuating turbulent velocities were suppressed
in the near-wall region (Y~ < 50) relative to the baseline case
as X increased. This was believed to be caused by an increased
viscous dampening resuited from a thickening of the viscous
sublayer relative to the boundary layer thickness. The lag that
was observed between the mean temperature profiles and the
mean velocity profiles for the baseline case became more pro-
nounced with increasing X. Comparison of the evolution of rms
temperature fluctuations to the evolution of «’ indicated a lag in
the rms temperature fluctuations. This supports the observation
drawn from the mean temperature and velocity profiles that the
thermal transport lags behind the momentum transport in the
transitional process and that the effect is more pronounced as
K increases.

These results suggest that in performing numerical analyses
of transitional boundary layers, the thermal transport should not
be directly inferred from the momentum transport by a simple
extension of Reynolds analogy.
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Combined Effects of Elevated Free-Stream
Turbulence and Streamwise Acceleration on
Flow and T hermal Structures in Transitional

Boundary Layers

stream turbulence inteasity (FSTD

Dadong Zhou

Ting Wang -

Department of Mechanical Engineering,
Clemson University, Clemson, Sotith Carolina

= The combined effects of elevated free-

and streamwise acceleration on flow and thermal structures in transitional
boundary layers were investigated experimentally on a heated flat plate
with clevated FSTI levels ranging irom 3 to 7%. The acceleration strength.
based on the parameter K (= (v/T2) dU./dx}, ranged from 0.39 X 10°°
to4.1x 107 A three-wire probe was used to measure detailed momen-
wm and thermal boundary layer Structures, including the streamwise and
cross-stream  velocity fuctuations. temperature fluctuation, Reynolds
stresses. Reynolds heat fluxes, eddy viscosity, turbulent thermal diffusivity,
and turbulent Prandtl aumber. The results show that FSTI has a greater
effect than streamwise acceleration on flow and thermal structures in
transitional boundary layers. However, the effect of streamwise accelera-
tion on increasing the transition length is significant. Furthermore, strearmm-
wise acceleration suppresses the magnitude of ur' and slows down the ut
transition process relative to u’ even when elevated FSTI seems to have 2
dominant effect. Acceleration is also shown t0 suppress &y more than £y

in the transitional region.

Keywords: transitional flow, free-stream wrbulence, acceleration flow,

" favorable pressure gradient, Reynolds heat flux, turbulent Prandtl

number

INTRODUCTION

cooling eliminates the need for conventional air-film cool-
ing in the first two stages, therefore correct prediction of

A better _understandipg of momentum anq .thermal trans-  the laminar—turbulent transition becomes more essential.
port during the laminar—turbulent transition process 15 An unsatisfactory prediction of the location and stream-

one of the key factors in attempts to improve predictions wise coverage of tramsition on gas turbine blades can
of the thermal load on gas wrbine blades [1-3}. The  result in either a reduction in the longevity and reliability

transition from laminar to rurbulent boundary layer flow of the blade or a reduction in engine performance (4]

significantly increases the local wall shear stresses and the  below design objectives.

convective heat transfer rates. These increases must be

In gas turbine environments. two of the most important

appropriately factored into the design of gas turbine factors affecting the transition process are elevated free-

blades. since as much as 50-80% of the surface of a  stream turbulence intensity (FSTI) and streamwise accel-
typical turbine blade is commonly covered by flow under- eration. Disturbances from the upstream combustors may

going transition {4]. The heat transfer problem of lami- cause background FSTI ranging from 2 t0 10% at the inlet

nar—turbulent transition is especially important in the of the turbine. In addition. very high FSTI ranging from

low-pressure turbines found in most aircraft engines. In 10 to 20% is imposed periodicaily on the blades by the

the newest heavy-frame industrial H-tvp
turbine systems 5], the adoption of closed
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shorten the length of transition. On the other hand.
streamwise acceleration tends to be generally high on the
suction side of the turbine airfoils near the leading edge.
in the exit ducts of combustors. anc on the pressure side
of most airfoils near the trailing edge. The strong stabiliz-
ing effect of the favorable pressure gradient can retard
transition and sometimes cause rsverse transition (e.g.,
relaminarization) [3]. Understanding the combined effects
of these two parameters on transition is important for
designing high-performance gas turbines.

Little experimental work has beer found in the litera-
ture on the effect of free-stream trbulence combined
with the presence of streamwise acceieration (or favorable
pressure gradients) on boundary laver transition in heated
fiows. In Blair's [6] experimental work, two constants K
values of 0.20 X 10~¢ and 0.75 x 10~° were investigated
with FSTIs ranging from approximately 0.7 to 5%. The
onset and the end of transition for the various fiow
conditions were determined from both the wall heat trans-
fer and the velocity profile data. For two test cases (K =
0.20 x 1078, FSTI = 2%; K = 0.73 x 107%, FSTI = 4%),
in which turbulence intensity had a more pronounced
effect than flow acceleration, the resuits for the onset and
the end of transition from the mean velocity profile and
the wall heat transfer distribution measurements agreed
closely. However. for the other two cases (K = 0.2 X 1076,
FSTI = 1%; K = 0.75 X 1075, FSTI = 2%), in which flow
acceieration was more dominant than turbulence inten-
sity, Blair claims that the lengths of the transitional flows,
as determined from the wall heat transfer distributions,
became at least one-third longer than those indicated by
the shape factor distributions. The velocity and tempera-
ture profile data showed that the development of the
transitional temperature profiles lagged behind that of the
velocity profiles. These results indicated that the fully
turbulent momentum boundary laver was established in a
shorter distance than was requirec for the thermal bound-
ary layer under the favorable pressure gradient at FSTI
< 2% Blair's data also showed that the measured loca-
tion of the onset of transition agreed closely with the
theoretical prediction of van Driest and Blumer 7}

Rued and Wittig [8] investigated the effects of free-
stream turbulence and streamwise pressure gradient on
heat transfer and boundary layer development on highly
cooled surfaces. The free-stream turbulence levels ranged
from 1.6 to 11%, and two streamtwise pressure gradient
distributions with 2 maximum K value of 6 X 107° (not a
constant K value) were considered. Heat transfer was
systematically compared with and without acceleration.
Cecmparing the results with those of zero pressure gradi-
ent flows at FSTI of 1.6 and 2.3%, they observed that
delaved transition caused by a favorable pressure gradient
reduces the Stanton numbers in the downstream part of
the plate. In the leading edge region, however. the lami-
nar heat transfer coefficients increased by approximately
20% because of the streamwise acceleration. At a high
FSTI (8-11% at the leading edge). transition occurred
immediately behind the leading edge. A strong accelera-
tion (K = 3.2 X 107*) did not aifect the onset of transi-
tion in such high FSTI cases but rather resulted in lower
local Stanton numbers. When the acceleration parameter
K was increased (K = 5.7 X 10~*) by reducing the free-
stream velocity, the results showed that even at the high-
est FSTI (11%) the transition was delayed. Furthermore,

Experiments in Transitional Boundary Lavers 339

for lower turbulence levels (up 10 4%), no transition
occurred during acceleration. For the strongest accelera-
tion case (K = 5.7 X 107°), the Stanton numbers near
the leading edge increased with raised turbulence levels of
7-11%, although the slopes of the Stanton number distri-
butions (St. vs. Re,) near the leading edge were paraliel 1o
those of a laminar flow. All of the information provided
for the acceleration cases was based only on the heat
transfer of the test surface. No detailed measurements in
the boundary layers were presented.

Mayle [3] reviewed the pressure gradient effect on
boundary layer transition and discussed the effects of
acceleration on both the spot production rate and the
onset of transition. The momentum thickness Reynolds
number at the onset of transition increases with an in-
crease in acceleration or a decrease in the free-stream
turbulence level. According to Mayle’s review, the effect
of acceleration is significant for low turbulence levels,
whereas it is negligible for the turbulence levels found in
gas turbines.

In addition to the onset and the end of transition,
understanding the evolution of flow and thermal struc-
tures during laminar—turbulent transition is extremely
important in improving computational modeling for pre-
dicting transitional flow and heat transfer. This paper
emphasizes the study of the development of flow and
thermal structures in boundary layers under the combined
influences of elevated FSTI and streamwise acceleration
during laminar—turbulent transition.

EXPERIMENTAL PROGRAM

The detailed experimental facility, instrumentation, data
acquisition and reduction, and experimental procedures
have been demonstrated by Kuan and Wang [9] and Wang
et al. [10]. Therefore, only a brief description of the
experimental program is provided here.

Wind Tunnel

The present study employs a 2-D, open-circuit, blowing
type wind tunnel. The flow rate can be adjusted from 0.5
10 35 m/s. The steadiness of the free-stream velocity and
temperature can be maintained within 1% and 0.5°C.
respectively, for a 24-h period; the uniformity is within
0.7% and 0.1°C.

Test Section

The rectangular test section is 0.15 m wide, 2.4 m long,
and 0.92 m high with an aspect ratio of 6. This large
aspect ratio reduces edge effects and ensures two-dimen-
sionality of the boundary layer flow. One of the test
section walls serves as the test wall. The heat patch inside
the test wall is constructed of a serpentine heater foil
sandwiched between glass cloth and silicone rubber sheets.
The surface temperature is measured by 184 75-pm (3-mil) .
E-type thermocouples. Fourteen measuring holes have
been drilled along the outer observation wall centerline in
the test section, and measurements are obtained by
traversing probes through these holes into the test sec-
tion. The spacing between the centerline thermocouples is
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254 em (1 in.). and the spacing between the measuring
holes is 15.24 cm (6 in.). Boundary layer suction is applied
at the leading edge of the test section.

Flow Acceleration

In this experiment. the streamwise acceleration parameter
K is kept constant in the test section simply by setting the
test section into a wedge shape and then fine-tuning the
test section wall to accommodate the growth of the
boundary layer. It should be noted that a constant K flow
is inherently different from a_ Falkner-Skan flow, which
has a constant A [= (8%/v)dU./dx] value (see the discus-
sion in Zhou and Wang [11]). Since no boundary layer
thickness needs to be measured, a constant K fiow can be
more conveniently obtained in a bounded test section
than can a Falkner—Skan flow.

Turbulence-Generating Grids

The background FSTI of this wind tunnel is about 0.5%.
The higher turbulence levels required for this study are
generated by inserting various turbulence-generating grids
into the wind tunnel. The turbulence-generating grids
consist of biplanar rectangular bar arrays with approxi-
mately 69% open area (Fig. 1). Based on the recommen-
dation of Baines and Peterson [12], the grids are designed
to produce turbulence Jevels ranging from approximately 3
to 7€ in the test section. Grid-generated turbuience de-
cays with distance from the grid. The rate of decay be-
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Figure 1. Grid configuration and FST1 produced.

comes smaller as the distance from the grid increases. In
order to generate homogeneous and slowly decaying tur-
bulence, the turbulence-generating grids are inserted at
the entrance of the main tunnel contraction instead of at
the inlet of the test section. The grids are referred to as
grids 1. 2, and 3 and have corresponding mesh widths, M,
of 19.05, 24.13, and 33.02 cm, respectively. The test case
with only background turbuience (no grid) serves as the

baseline case.

Instrumentation and Data Reduction

A three-wire sensor was specifically designed to simulta-
neously measure the instantaneous longitudinal velocity,
the cross-stream velocity, and the temperature. The devel-
opment and qualification of this three-wire sensor have
been described by Shome {13] and are not repeated here.
Only new experiences in obtaining measurements encoun-
rered in this study are described below.

Basically, the three-wire sensor consists of an X-array
of gold-plated tungsten wires for measuring velocities and
a 1.2-um platinum wire for measuring temperature. To
allow near-wall measurement and to reduce probe inter-
ference, the probe support was bent at an angle of 10°
from the wire axis. Due to this 10° inclined angle, the
cross-wires have 35° and —55° slant angles, respectively,
relative to the probe axis instead of the +45° angles used
for traditional X-wires. However, the X-wires are still
orthogonal to each other. The two X-wires are operated in
the constant-temperature mode. The method of Chua and
Antonia [14] is used for correcting temperature contami-
nation of the hot wires.

The 1.2-pm platinum wire is operated at a very low
current of 0.1 mA (cold wire) in the constant-current
mode. To sufficiently extend the length of transition for
detailed measurements on the test wall, extremely low
speed flows, down to 1.7 m/s, are provided for the ele-
vated FSTI cases. At this low speed, relatively low over-
heat ratios for the X-wires are required to minimize the
“cross-talk” between the X-wires and the temperature
sensor. This cross-talk is primarily caused by the fluctuat-
ing radiation emanating from the hot wires to the cold
wires. The X-wires generally have better velocity sensitiv-
ity at higher overheat ratios. As a compromise, an Over-
heat ratio of about 1.2 is chosen for the X-wires, which
makes the reading error of the temperature wire caused
by the adjacent hot wires negligible. The overheat ratio of
1.2 was obrained by gradually reducing the overheat ratio
from 1.6 to a value at which the cold wire reading did not
vary, even when the hot wires were switched on and off.

At low free-stream velocities, it is found that if the flow

direction ‘deviates by a small angle from +45° to0 the
X-wires, a significant change in the results for the Reynolds
shear stress (@) and the cross-stream Reynolds heat flux
(c7) would occur. A typical flow angle of 1° can result in 2
15% error in the v and Uf measurements at a free-stream
velocity of 2 m/s. This small flow angle, which can be
found by assuming that the mean cross-stream velocity
(V) is zero in the free stream, is added to the dawa
reduction process. The frequency response of the plat-
inum wire was tested to be from 4000 to 6000 Hz for a
velocity range of 2-15 m/s. Therefore, frequency com-
pensation was deemed unnecessary. The detailed fre-
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Figure 2. Free-stream turbulence. (2) Intensity distributions;
(b) integral length scale distributions; (¢) spectral distribu-

tion.

quency response test procedure and qualification are dis-
cussed in Keller [15].

A TSI Model IFA 100 intelligent fiow analyzer system is
used as a constant-temperature anemometer. A DISA
M20 temperature bridge is used for operating the cold
wire in the constant-current mode. An 80386 PC is used
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as the data acquisition controller. A MetraByte DAS-20
A/D data acquisition board and high-speed data acquisi-
tion software, STREAMER, are used to acquire data. The
sampling rate is 2 kHz, and the sampling duration is 20 s.

The wall temperature measurements are performed
through a FLUKE Mode! 8842A digital multimeter with a
built-in A /D converter and a FLUKE 2205A 100-channel
switch controller.

The wall Stanton number is calculated from the power
supplied to the heated test wall and the wall temperature
measurement. The heat flux is corrected for the radiation
loss. back loss, and streamwise conduction loss. The wall
temperature is corrected for the temperature gradient in
the front polycarbonate wall, compressibility, and recovery
effect. The detailed data reduction process and uncer-
tainty analysis are documented in Zhou [16]. The uncer-
tainty of the Stanton number is 3% in the laminar and
turbulent regions and 5% in the transitional region. The
uncertainties of U, 7, u', v', t’, ur, ut, and rt near the wall
in the transitional region are shown in Table 1.

RESULTS AND DISCUSSION

Wall heat transfer measurements for 16 accelerating cases
were made first. The strongest acceleration was at K =
1.4 X 107°. Then four accelerating cases were chosen for
detailed measurements of flow and thermal structures in
the boundary layers. For convenience, these four cases are
referred to as G1K1 (grid 1, K = 0.39 x 107%), G1K2
(grid 1. K=0.83 x107%), G3K2 (grid 3, K =083 x
107%). and G3K3 (grid 3, K = 1.0 x 107%). The zero
pressure gradient cases are referred to as G1KO and
G3KO0, respectively. The results of the baseline case were
reported in a previous. paper by Wang et al. [10]. The
results of the elevated FSTI cases without streamwise
acceleration were reported by Zhou and Wang [17], and
the results of the effect of acceleration at low FSTI were
reported by Keller [15] and Keller and Wang [18].

The FSTI distributions along the streamwise direction
in the test section are based on the three components of
the velocity fluctuation and are shown in Fig. 2a. As
shown in this figure, the FSTI remains almost constant
through the test section for the baseline case and the grid
1 case. For the grid 3 case, the FSTI decays in the test
section. The FSTI decays faster in the presence of stream-
wise acceleration than it does in the zero pressure gradi-
ent case. The integral length scaies. based on the stream-
wise velocity fluctuation, are shown in Fig. 2b. It is
expected that the integral length scales downstream of the
grids will be controlled by the grid sizes. Generally, v’ /u’
is close to unity and w'/u’ is less than unity.

The spectral distributions of 4’ in the free stream for
all three eievated FSTI cases with and without streamwise
acceleration are similar. One representative case is shown
in Fig. 2¢. The 1-D spectrum, E,(f), is normalized by u'%,
the integral length scale A/, and the fres-stream velocity

Table 1. Uncertainties of U, T, u', ¢, t'. L', ut, and o7 in the Transitional Region

Parameter

I (T-1J)/q,-T.) w

v /T -T) T T I3

Uncertainty
(%)

35 1.7 3.6

8.4 1.8 15.0 3.7 204
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Figure 3. C, distributions in the test section.

.. The frequency f is normalized by A, and U,. Also
shown in this figure is Taylor's 1-D energy spectrum {19}
The spectral distribution E(f) follows Taylor’s 1-D en-
ergy spectrum in the low-frequency range and deviates
from it in the high-frequency range. In the high-frequency
range, the spectrum E(f) has a distinctive slope of —4.
This is consistent with-the typical spectrum of grid-gener-
ated equilibrium turbulence [20]. The C, distributions in
the test section are shown in Fig. 3 for the four accelera-
tion cases. The reference pressure was taken at station 1.

Heat Transfer

Three sets of Stanton number data are taken for each
case in each 22-h run. Between these wall tempera-
ture measurements, boundary layer measurements are
conducted.

The centerline Stanton number distributions for the
grid 1 and grid 3 cases are shown in Figs. 4 and 3,
respectively. The unheated starting-length effect is in-
cluded in the laminar correlation. It should be noted that
the laminar correlation with unheated starting length,
when it is plotted in St vs. Re,, appears differently for
various free-stream velocities. In the laminar portion, the
effects of acceleration on the Stanton number distribu-
tions for the grid 1 cases are negligible (Fig. 4); however,
for the grid 3 cases (Fig. 5), the Stanton numbers for the
zero pressure gradient case (G3KO0) are about 5% higher
than for the accelerated cases (G3K2 and G3K3). This
indicates that a mild acceleration can effectively counter-
act the enhanced heat transfer due to elevated FSTL A
further increase in acceleration does not result in any
additional effect on Stanton numbers in the laminar re-
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Figure 4. Stanton number distributions for grid 1 (FSTI =
3.8%).
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Figure 5. Stanton number distributions for grid 3 (FSTI =
6.4%).

gion. However, for the streamwise acceleration cases, the
Stanton number distributions do not reach the turbulent
correlation. The turbulent correlation, including the ef-
fects of both FSTI and the pressure gradients, is not
available to the authors. The STANS code was then used
to generate a turbulent curve for the effect of acceleration
at zero FSTI. The mixing length model was used with an
empirical correction for the pressure gradient effect. Since
the effect of acceleration on St is not significant, correla-
tion with only one K value is shown.

In Figs. 4 and 3, the onset of transition is defined as the
location where the Stanton number starts to deviate from
the laminar correlation, and the end of transition is de-
fined as the location where the Stanton number merges
with the turbulent correlation. As expected, higher FSTI
leads to an earlier onset and an earlier end of transition,
and the streamwise accelerations delay the onset of transi-
tion. It appears that elevated FSTI has a more pro-
nounced effect on the onset of transition than the favor-
able pressure gradient does, while the end of transition is
greatly affected by the pressure gradient. It is known that
transition onset promoted by FSTI is often accompanied
by a shortened transition length [3, 17, 21}, however, it is
clear that the length of transition for each of the acceler-
ating cases in Figs. 4 and 5 is increased by the effect of
favorable pressure gradients. It is especially unexpected to
see that the effect of the pressure gradient on the transi-
tion length is more pronounced at higher FSTI cases, as
shown by comparing the almost horizontal siopes of the
Stanton number distributions for the G3K2 and G3K3
cases in Fig. 3 with the steeper slopes for the grid 1 cases
in Fig. 4. It can be seen in Fig. 5 that neither the G3K2
nor the G3K3 cases complete the transition process in the
present facility.

Without acceleration, a typical relation berween the
onset and the end of transition Reynolds number is
Re,. = 1.8-2.2Re_ ;. In an attempt to reach the end of
transition for the G3K2 and G3K3 cases, U, was in-
creased: this increase caused the K values to decline. The
related physical parameters at the onset and the end of
transition are listed in Table 2. For both elevated FSTI
conditions, mild accelerations (cases G1K1 and G3K2)
delay the onset of transition by about 50% in Re,, whereas
a further increase of acceleration (cases G1K2 and G3K3)
does not affect the onset of transition much, even, as




Table 2. Reynolds Numbers at Onset and End of Transition
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Baseline GIKO G2K0 G3K0 GIKI GIK2 G3K2 G3K3
FSTIat Xs 0.5¢% 3.8% 5.5% 6.4% 3.8% 3.8% 6.4% 6.4%
K x 10° 0 0 0 0 0.39 0.83 0.83 1.00
Onset of transition
X (cm) 68 45 45 42 62 77 47 62
Re, 55x 10° 60 x10° 50x10° 45x10° 09x10° 12x10° 07X 10° 0.8 x 10°
Reg® 1294 386 355 314 489 505 . - 414 4325
Re, 492 161 148 131 196 210 169 175
End of transition
X {em) 137. 150 144 139
Re, 112x 105 20x 105 1.6x10° 15x10°
Reg® 1826 735 659 608
Re, 1302 480 404 375
‘ Not available
Length of transition (Transition is not completed
at the end of the test section)
X (cm) 69 105 99 97 .
Re, 57x 105 14x105 1L1x10° 10x10°
Reg* 532 349 304 294
Re, 810 319 256 244
shown in Fig. 6, with stronger K values up to as high as 4 - — )
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Figure 6. Stanton number distributions for grids 2 and 3.

friction coefficient distributions for accelerated cases using
the scaling parameters suggested by Zhou and Wang [11).
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of C/2 vs. Re, have different curves:

XK 1 4 A
=4y — + = = =] - —1, 1
C 4v n + 3VKA Res( 12) (1)
where [11]
1260 -158/37
g\=—1—5—8—[1-(1+KRe,) ]

The effect of acceleration on heat transfer in the laminar
boundary laver is very mild, so only the correlation curves
for K = 0 are plotted in Figs. 6 and 7 in order to keep
both figures clear. The C; distributions for various K
values can be collapsed into one curve in the laminar
region, as shown in Fig. 7b, by using the nondimensional
parameters suggested by Zhou and Wang {11}

Ce

TR
The effect of acceleration on the onset of transition,
which can be seen more clearly in Fig. 7b than in Fig. 7a,
shows that the effect of acceleration on the onset of
transition is more pronounced for lower FSTI cases
(grid 1) than it is for higher FSTI cases (grid 3). It is more

convenient to use K Re, values for accelerating flows
than Re,.

1 1
=4y — + -:\/./-\_. 2
- A 3

Onset and End of Transition

In the present study, the onset and the end of transition
are primarily determined from the Stanton number. Fur-
thermore, they are cross-checked with the skin friction
distributions. the evolution of the mean velocity and tem-
perature profiles, and the intermittency distribution. For
accelerating cases, the end of tranmsition is obtained by
extrapolating the Stanton number distribution to the tur-
bulent correlation. The corresponding values of x, Re,,
Reg*, and Re, at the onset and at the end of transition
for each case are listed in Table 2. The results indicate
that elevated FSTI results in an early onset of transition
and a reduced extent of transition length based on Re, as
well as Reg* and Re,. Although the end of transition
does not occur in the test section for the accelerating
cases, it can be seen by comparing the Stanton number
distributions' with the turbulent correlations in Figs. 4-6
that streamwise acceleration delays the onset of transition
even at elevated FSTI and significantly increases the length
of the transition region.

From the onset and the end of transiton Reynolds
numbers, the turbulent spot formation rate can be calcu-
lated based on the equation {3]

4.6Uv>

2,737
(xe‘xs) U

~

no =

where U is an average free-stream velocity for the transi-
tion region. The onset of transition, based on the momen-
tum thickness Reynolds number, and the calculated tur-
bulent spot formation rate 7ig are plorted in Fig. 8.
Also shown are the empirical correlatdons. Re,, =
400(FSTD 5% and Ao = 1.5 x 10~ '(FSTD"/*, given by
Mayle [3], which were formulated on the basis of flat-walil,
nonaccelerated flow data. For the elevated FSTI cases at
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Figure 8. Transition onset and turbulent spot formation rate.
NA = not available.

zero pressure gradient, the present data agree with Mayle’s
correlation. For the baseline case, the onset of transition
is earlier, and the calculated 7o is larger than that
predicted by Mayle’s correlation. For accelerating cases,
the onset of transition momentum Reynolds numbers are
slightly higher than Mayle’s correlation. Since the end-of-
transition locations for the accelerated cases are not
known, the turbulent spot formation rates are not shown
in Fig. 8.

Mean Velocity and Temperature Profiles

With abundant information and data collected in the
boundary layers in this study, only the G3K5 case is
chosen as the representative to be compared with the
baseline and G3KO0 cases in order to investigate the com-
bined effects of elevated FSTI and streamwise accelera-
tion on the transitional flow and thermal structures in the
boundary layer. The mean velocity and temperature pro-
files for the G3KO case are plotted in wall units in Figs. 9
and 10, respectively. Since their overall evolution during
the transition process is similar to that of the 2% FSTI
case previously reported by Wang et al. {21], only three
profiles of each are shown as representative of the mean
profile characteristics in the laminar, transitional, and
turbulent flow regions, respectively. The mean velocity
and temperature profiles for the G3K3 case are plotted in
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Figure 9. Mean velocity profiles for the G3KO0 case.
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Figure 10. Mean temperature profiles for the G3KO0 case.

wall units in Figs. 11 and 12, respectively. In the laminar
region, even at elevated values of FSTI, the mean profiles
are consistent with the laminar flow solutions. The Blasius
solution is used for nonaccelerated cases, and solutions
from Zhou and Wang {17] are used for accelerated cases.
In the turbulent region (station 12), the mean velocity
profile for the G3KO0 case (Fig. 9) preserves the logarith-
mic law-of-the-wall characteristics over a sufficient range
of Y* (30-300), but the wake region is completely de-
pressed bevond Y* = 300 due to the high FSTI, which is
consistent with the previous results of Blair {22] and Wang
et al. [21]. However, the mean temperature at station 12 in
Fig. 10 has not conformed to a typical turbulent profile.
This indicates that the mean temperature lags behind the
mean velocity in completing transition in high-FSTI cases.
This tendency for temperatures to lag behind velocity in
completing transition in low FSTI cases (< 2%) was first
seen by Blair [22] and was confirmed by Wang et al. [21].

The effect of acceleration on the mean velocity profile
can be seen by comparing stations 5 and 12 for the G3K3
(Fig. 11) and G3KO0 (Fig. 9) cases. Station 5 happens to
have T' = 0.5 for both G3K3 and G3K0; however, the U*
of G3K3 has a thicker, more viscous sublayer (about
Y*= 18) than does G3K0. In addition, the U* profile of
G3K3 is close to the laminar profile, whereas the G3K0
velocity profile is close to the turbulent profile. The same
trend can be seen at station 12.

Streamwise Velocity Fluctuations (u')

The streamwise evolution of normalized velocity fluctua-
tions, u'/ U, is shown in Fig. 13 for the G3K3 case. For
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Figure 11. Mean velocity profiles for the G3K3 case.
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Figure 12. Mean temperature profiles for the G3K3 case.

comparison, three profiles—one near the onset of transi-
tion, one in the transition region with maxirhum u’, and
one in the fully turbulent region—are incorporated into
Fig. 13 for both the baseline and G3KO0 cases. The inter-
mittency for each station is shown in this figure. The
criterion function based on Reynolds shear stress,
[d(ur)/dtP?, was used for turbulent/nonturbulent dis-
crimination. The technique for determining the intermit-
tency was detailed by Keller and Wang [‘-’..3]. The intermit-
tency value is 1 for a fully turbulent flow and 0 for a -
laminar flow. Based on the Stanton number distribution
and the mean velocity and temperature profiles, stations 1,
2, and 3 for the G3K3 case are in the laminar flow region.
Comparison among stations 1, 2, and 3 for the G3K3 case,
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Figure 13. Streamwise Reynolds normal stress profiles for
the G3K3 case.
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station 3 for the G3KO case, and station 5 for the baseline
case indicates that the u’ in the laminar flow is signifi-
cantly raised due to the elevated FSTI: the favorabie
pressure gradient does not seem to affect the u’ distribu-
tion. This is consistent with the results reported by Dyban
et al. [24} _

It is especially interesting to observe that the u'/L;
distribution in the late laminar region (station 3 for the
G3K0 case and station 4 for the G3K3 case) reaches a
peak of about 18% and remains at such high levels
throughout the early half of the transition region. It is also
to be noted that in the transitional flow, the maximum
values of u' /U, for the G3KO0 and G3K3 cases are about
the same as the maximum value at station 7 for the
baseline case. It therefore appears that even at elevated
FSTI up to 7%, the maximum Reynolds normal stresses
due to the near-wail bursting activities are limited t0
around u'/U. = 20%. Also, this observation may imply
that the penetration of the turbulence energy from the
free stream into the boundary layer results in a relatively
uniform redistribution of turbulence energy across the
boundary layer rather than an increase in bursting energy.
Furthermore, it may be implied that once the turbulent
spot production rate is established in the beginning of transi-
tion. it does not change downstream, and the turbulent spots
are the reluctant receptors of bounding turbulence energy
imposed from the free stream. It may be that the near-wall
turbulence is dominated by the turbulence production and
that the penetration of FSTI into the near-wall region is
overshadowed by the bursting activities. This explanation
can be verified by examining the overall elevated u’ distri-
butions of stations 9, 11, and 12 across the boundary laver
in comparison with the baseline case in Fig. 13. This desp
penetration of elevated free-stream turbulence to near the
wall is consistent with the results of Wang et al. [21] but is
inconsistent with the results reported by Sohn and
Reshotko [25]. The discrepancy might be caused by the
low free-stream velocity (~ 2 m/s) employed by the pre-
sent study. The free-stream velocity in Sohn and
Reshotko’s study was approximately 33 m/s. In order to
investigate the effect of low velocity or low Reynolds
number. a single hot wire was used to measure the turbu-
lent u' /., profiles for different free-stream velocities and
different Reynolds numbers. The results are shown in Fig.
14. As showp in this figure, the peak values. of u' /U, in
the boundary layer generally increase as the free-stream
velocities decrease. However, for the two cases with dif-
ferent free-stream velocities but similar magnitudes of
Reynolds numbers (U = 3.9 m/s, Re, = 3.18 X 10° and
U.=78 m/s, Re, =3.25 X 10%), the U’/U, profiles
overlap each other. In addition, for another two cases with
the same free-stream velocity at 7.8 m/s but with differ-
ent Reynolds numbers (Re, = 3.25 X 10° and Re, = 6.31
x-10%," respectively), the u’/U, profile of the lower
Reynolds number has a higher value. From these observa-
tions it is clear that it is the effect of the low Reynolds
number. not the free-stream velocity, that is important.
However, when the Reynolds number is large (Re, > 6.31
% 10%), the effect of the Reynolds number on the near-wall
peak value of the u' /U, is negligible, although the eifect
of Reynolds number on the outer boundary laver {y/3 >
0.3) is still obvious. This can be seen from the comparison
among cases for U, = 15.6 m/s. Re, = 642 X 10°,Re_ =
1.26 % 10°, and the baseline. The peak value of the u’ /U
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Figure 14. Effect of low Reynolds number on u’ /(L.

with a high Reynolds number at elevated FSTI is about
the same as that at low FSTL

It should be noted that the transition is not completed
at staron 12 for the G3K3 case: however, the u’' /U,
distributions of stations 9, 11, and 12 do not show any
change, and all of them coincide with the turbulent distri-
bution of G3K0. A comparison between the G3K0 and
G3K3 cases, as shown in Fig. 13, indicates that the stream-
wise acceleration for the elevated FSTI case has a negli-
gible effect on the evolution of streamwise Reynolds
normal stress; however, an extensive region with intermit-
tencv at 0.9 from stations 9 to 12 reflects the influence of
acceleration.
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Figure 15. Cross-stream Reynolds normal stress profiles for
the G3KG case.




Cross-Stream Velocity Fluctuations (v')

The evolution of t'/U. for the G3K3 case, as shown in
Fig. 15. is similar to that for the elevated FSTI cases
without acceleration in Zhou and Wang [17}. but it is very
different from the baseline case in Wang et al. [10]. Three
representative U’/ T. distribution curves for both the
baseline and G3K0 cases. at the same locations as men-
tioned in Fig. 13, are superimposed in the figure for
comparison. The effect of the streamwise acceleration at
elevated FSTI on the evolution of ¢’ /U.. similar to that
on u'/U.. is negligible. whereas the effect of elevated
FSTI is significant. It is obvious that the effect of elevated
FSTI on ¢ is more dominant in the outer boundary laver
than in the inner boundary laver. Without much informa-
tion to reveal the detaiied mechanism involved in the
transport of r', it seems that ¢’ in the boundary layer is
affected by FSTI through an energy diffusion process
rather than through convective motion or through a corre-
lation with pressure fluctuations (return to isotropy). This
speculation arises from the observation that the magni-
tude of r' in the free stream seems 1O control the v’
distribution in the outer boundary layer. The data points
for each curve, for all flow regions, show a smooth curve
that asymptotically approaches the free-stream value of
¢'. while a typical near-wall peak of v', which appears in
the transition region (middle figure in Fig. 15) for the
baseline case, is not observed in the elevated FSTI cases.
Appareml}—', the elevated turbulence in the free stream
does not promote energy production in the cross-stream
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Figure 16. Streamwise evolution of ' profiles for the G3K3
case.
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component of the pear-wall turbulence, whereas elevated
FSTI produces a large magnitude of turbulence energy in
the streamwise component. as shown in Fig. 13.

The v’ /U distributions at stations 9-12 for the G3K3
case show a_constant U’ region between y/ §=02 and
0.6. The v’ /U, distribution in the turbulent flow region at
station 12 for the G1KO case, which has a lower FSTI than
the G3KO0 case, is superimposed in Fig. 15. In this ¢’
distribution, a peak can be clearly seen near v/8 = 0.2.
This peak value may result in the constant ¢’ /L distribu-
tion for the G3K3 case mentioned above. The mechanism
involved in producing this round peak, although not well
understood. can be very different from the near-wall sharp
peak prevailing in the low FSTI cases.

RMS Temperature Fluctuation (t"

The evolution of the rms temperature fluctuation for the
G3K3 case, t'/(Ty — L) as presented im Fig. 16, is
similar to u’ in that it has an clevated value across most of
the boundary layer except in the outer boundary laver
(v/8 > 0.8), where the elevated FSTI does not enhance ¢’
as would be expected in a nearly isothermal region. The
effect of the streamwise acceleration at elevated FSTI on
¢'. similar to effects on u’ and v, is negligible. The 1’
distribution of stations 9, 11, and 12 are still changing and
approaching the turbulent ¢* distribution of the G3K0
case. This indicates that ¢’ lags behind u’ in reaching the
turbulent profile. This also supports the earlier discovery
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Figure 17. Reynolds shear stress distributions for the G3K3
case.
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that the mean temperature lags behind the mean velocity
in completing transition.

Reynolds Shear Stress (uv)

For the elevated FSTI cases (G3KO0 and G3K3), the nor-
malized Reynolds shear stress produces a region of high
shear around v/8 =04 in the early transition region
(stations 3 and ) in Fig. 17. It reaches a maximum value
of about 1.9 at station 8 and moves toward the wall to
about v/8 = 0.3. This evolution of uv indicates that the
turbulent shear stress is not gcnerated near the wall, as is
the turbulent normal stress u’, but is produced away from
the wall, at about y/8 = 0.3, and progresses toward the
wall to eventually affect the wall shear. This progression is
similar to that for the baseline case and is documented in
more detail by Wang et al. [10]. The effect of the stream-
wise acceleration on 4u can be seen in two aspects: (1) at
station 8, which has<he maximum - uv/u*? value, the
overall distribution is lower than it is for those without
acceleration, (baseline and G3K0) and (2) at the last
station (12), the — ur/u*? distribution is still in a transi-
tional status with the maximum value staying at approxi-
mately 1.5, although 4’ /U, in Fig. 13 reaches turbulent
distribution.

Reynolds Heat Fluxes (uf and i)

Normalized cross-stream Reynolds heat flux, ut/(qw/
pCp), indicates the effectiveness of local turbulence in
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Figure 18. Cross-stream Reynolds heat flux distributions for
the G3K3 case.

transferring heat from the surface, whereas normalized
streamwise Reynolds heat flux, ut/ (q%/pC,), indicates
the effectiveness of local turbulence in transferring accu-
mulated thermal energy downstream. Unlike the turbulent
shear stress, which can be produced away from the wall,
the rurbulent heat flux, &7, can transfer only heat origi-
nated from a wall in a heated wall situation.

As shown in Fig. 18 for the G3K3 case. tt/(qw/pC,)
reaches its maximum value of about 0.75 in the middle of
the transition region. The peak value then maintains itself
in the late transition region at about 0.7. The G3KO0 case
has a higher maximum value of 7t (about 0.9) in the
middle of the transitional region than does the G3K3
case. The suppressed peak ur value is evidence of a mild
effect of acceleration on uf. In the late transitional and
early turbulent boundary layers in Fig. 18, the magnitude
of it is elevated above the baseline case at station 12
across the entire boundary layer for the elevated FSTI
cases (G3K0 and G3K3).

For both the G3KO0 and G3K3 cases, as shown in Fig.
19, — ut/(q%/pC,) reaches a maximum value of almost 9
in the transition region. Then the peak value for the
G3KO case in the boundary layer decreases, and the peak
location moves closer to the wall at downsteam stations.
The peak value for the G3K0 case in the turbulent flow
region is about 6. However, for the accelerating G3K3
case, similar to u, the peak value of - ut/(qg%/pC,)
stays at about 8, and the peak location stays at about
y/8 = 0.2. For the baseline case at station 12, the peak
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Figure 19. Streamwise Reynolds heat flux distributions for
the G3K3 case.
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Figure 20. Streamwise evolution of the eddy viscosity and the turbulent thermal diffusivity profiles for

the G3K3 case.

value is only about 2, which is much lower than the peak
values for the elevated FSTI cases. It is therefore unex-
pected to see that the peak value of — ut /(q%/pC,) in
the transition region for the baseline case reaches about
18. which is much higher than the transition region peak
values for the elevated FSTI cases. Looking back at Figs.
13 and 16, individual ' and ¢’ values are much higher in
the laminar and turbulent regions for the elevated FSTI
cases than they are for the baseline case, whereas in the
transition region they are about the same as in the base-
line case. It was first speculated that the lower value of
— ut /(g/pC,) in the transitional region for elevated
FSTI cases is caused by the relatively poor correlation
berween u and t; however, detailed analysis revealed that
the lower value of — ut/(q%/pC,) is caused by the fact
that the Stanton numbers in the transitional region of the
elevated FSTI cases are higher than those in the baseline
case. Actually, a further examination of the data indicated
thar the correlation between u and ¢ in cases with a lower
FSTI is about the same as that for elevated FSTI cases
with and without streamwise acceleration.

€y. £y, and Pr,

The eddy viscosity &, and the turbulent thermal diffusiv-
itv &y, normalized by their molecular counterparts at
three stations for the G3K3 case, are shown in Fig. 20.
The results for the baseline and G3KO cases in the turbu-
lent flow at station 12 are shown for comparison. For the
G3K3 case, £y/v for stations 3 and 8 has a maximum
vaiue of about y/8 = 0.8, while for station 12 a region
of relative constant value of &,/v = 20 stretches from
v/8 = 0.3 to 0.6. For the G3KO case, the constant &y,/v
area is wider, y/8& = 0.5-0.8. There is no such constant
£y/v region for the baseline case. The maximum of
£/ v for the baseline is reached at about v/6 =104 at
station 12. Although &/« is different from &y/v in the
baseline case, their distributions are similar in the acceler-
ated boundary layer at elevated FSTIL

For all cases, Pr, values, as shown in Fig. 21. are large
near the wall and decrease gradually away from the wall.
In about 70-80% of the boundary laver, the Pr, values are
much higher than 0.9, a value commonly applied to fully
turbulent fiow for low FSTI cases. This figure also shows
that the elevated FSTI case has a lower Pr, distribution in
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Figure 21. Turbulent Prandtl number distributions for the

G3KS5 case.

the turbulent region (G3KO vs. baseline). The effect of
favorable pressure gradient on Pr, in the transition region
is not significant, as indicated by the middle figure of Fig.
21. Since the transition is not complete in the accelerated
cases, the effect of acceleration on Pr, in turbulent re-

gions is not ascertainable.

CONCLUSION

Experiments were performed to investigate the combined
effects of elevated FSTI (3-7%) and streamwise accelera-
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tion on flow and thermal structures in heated transitional
boundary layers. Wall heat transfer measurements indi-
cated that elevated FSTI values result in an earlier onset
of transition and a reduced length of transition, whereas
streamwise acceleration generally delays the onset of tran-
sition and lengthens the transition region. even at ele-
vated FSTI. A mild acceleration has a significant effect on
the onset and end of transition. However. at elevated
FSTI, further increasing the acceleration to as high as
K = 4.1 X 10~% does not affect the onset of transition.

At elevated FSTI, the streamwise acceleration has a
negligible effect on T, u’, v’, ¢, u1, and Pr, distributions
and has a mild effect on uf distributions across the bound-
ary layers. A noticeable effect of acceleration on the flow
structure can be seen in both the U and the uv distribu-
tions. Overall, in the range of FSTI tested by this study
(3-7%), the effect of FSTI is more pronounced than is the
effect of acceleration on the onset of transition. However,
the effect of acceleration on the length of transition
cannot be ignored,especially at a higher FSTL

With respect to its impact on flow and thermal structure
in transitional and turbulent boundary layers, FSTI is
clearly more dominant than acceleration (or favorable
pressure gradient). Because of the dominant role of FSTI,
some of the results of this paper are similar to those
reported by Zhou and Wang [17], who investigated the
effect of elevated FSTI on laminar-turbulent transition
without streamwise acceleration.

FUTURE RESEARCH NEEDS

Future research is needed to transfer the physical mecha-
nisms revealed in the present study to flow and heat
transfer modeling in transitional boundary layers. Condi-
tionally sampled results obtained by separating nonturbu-
lent and turbulent parts of the transitional flow will be
important for transitional flow calculations performed by
using an intermittency model. With regard to predicting
heat transfer on turbine blades, combinations of many
other factors such as roughness, surface curvatures, ad-
verse pressure gradients, separation, and unsteady wakes
should be considered.

This program was sponsored by the Office of Naval Research (grant
No. N00014-89-J-3105) and the Air Force Office of Scientific Re-
search (grant No. AFOSR-89-0324). The program monitors were Dr.
Gabriel D. Roy and Major Daniel B. Fant, USAF, respectively. Part
of the facility was constructed through the support of the National
Science Foundation (grant No. CBT-8708843).

NOMENCLATURE
C, skin friction coefficient [= 7,,/( pT7/2)],
dimensionless .
C, pressure coefficient [=(P — P)/C ol /D) ik
dimensionless
¢, specific heat. J/(kg K)

FSTI free-stream turbulence intensity (= [(&* + v* +
w=)/31"* /U,). percent _
K streamwise acceleration parameter [ = (v/U7)
dU. /dx], dimensioniess
n turbulent spot production rate. m™' ™!
A twrbulent spot production rate (= nv=/U).
dimensionless

Pr, turbulent Prandt! number (= £y/£y);

dimensionless

g” heat flux, w/m?
Re Reynolds number, dimensionless_

St Stanton number (= g% /[ pc,U(Tw — LD,

dimensionless
¢t instantaneous temperature fluctuation or time k or

]

' rms value of 7, k

T mean temperature, K _ _

~ mean temperature, [= (T — T)pc,u*/q'y], wall
units, dimensionless

,U instantaneous streamwise and cross-stream velocity
fluctuations, m/s

v’ rtms values of u and v, m/s

u* friction velocity (= /7./p), m/s

U mean streamwise velocity, m/s

U* mean streamwise velocity, wall units, dimensionless

x streamwise distance from leading edge, m
x, unheated starting length. m
y distance from the wall, mm

Y* (=yu*/v), dimensionless

Greek Symbols
« thermal diffusivity, m?/s
8 boundary layer thickness. mm
* displacement, mm
# momentum thicknesses. mm

£y turbulent thermal diffusivity [= — vt /(6T /),

m-/s

ey turbulent viscosity [= — uz /(30U /ay)], m*/s

T intermittency, dimensionless
A (8%/v)dU,/dx, dimensionless
A, integral length scale [= Ufgu(Du(t + 1) /u’d=], m
v kinematic viscosity, m?/s
p density, kg/m’
o turbulent spot propagation parameter,
dimensionless

r shear stress, N/m?>
Subscripts

end of the transition

start of the transition

wall

free stream

8 € wo

ref reference location at x = 20 cm

w
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Spectral analysis of boundary-layer
transition on a heated flat plate

Ting Wang and Dadong Zhou

Department of Mechanical Engineering, Clemson University, Clemson, SC, USA

A spectral analysis was made for a boundary layer undergoing laminar-turbulent
transition over a heated flat plate with free-stream turbuience intensities of 0.5% and
6.4%. Detailed boundary-layer measurements were made with a three-wire probe
that simultaneously measured two velocity components and the temperature. The
power spectra of v, v/, and t', as well as their co-spectra, were analyzed. The
spectral analogy and the differences between the momentum and thermal trans-
ports were investigated. The results showed that the location of maximum turbu-
ience production (y/d = 0.1) coincided with the peak location of v/; whereas, the
region of high turbulent shear (y/d = 0.35) produced little turbulence energy. The
power spectrum of ¢ was mostly correlated with U in the early to middie transi-
tional flow, but it was significantly correlated with v in the late transitional and
early turbulent flow regions. The dissipation power spectra for both ¢ and v
evolved faster than their turbulence power spectra. vi seems to be transported by
smaller eddies than Ut. A hypothetical energy transfer process during laminar-

turbuient transition was then proposed.

Keywords: turbulent transition; spectral analysis; heat transfer; boundary layer

introduction

One of the key features in boundary-layer transition from laminar
to turbulent flow is the intermittent behavior (Emmons 1951).
The characteristics of nonturbulent and turbulent regions are
obviously different. The intermittency theory, proposed by Em-
mons and Narasimha (1958), considered the nonturbulent pan
and the turbulent part of the transitional flow as laminar flow and
fully turbulent flow, respectively. However, some recent, condi-
tionally sampled results (e.g., Kuan and Wang, 1989, 1990; Kim
et al. 1994) have indicated that the nonturbulent part is highiy
disturbed and is different from conventional laminar flow and
that the turbulent part is still evolving and is different from fully
turbulent flow. These results were based on conditionally sam-
pled profiles of the mean velocity, the Reynolds normal stresses.
and the Reynolds shear stresses. To improve understanding of the
fundamental mechanisms involved in the transitional boundary
layer, it is believed necessary to obtain detailed spectral informa-
tion. The present study was, therefore. undertaken to perform the
spectral analysis for both flow and thermal structures in transi-
tional boundary layers.

Boundary-layer spectral measurements rarely have been re-
ported for boundary lavers undergoing transition from laminar 10
turbulent flow. Suder et al. (1988) measured the streamwise
velocity component fluctuation spectrz in a boundary layer with a
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zero-pressure gradient at the point where the rms of the fluctuat-
ing velocities was a maximum. The boundary-layer spectra for
the lowest free-stream turbulence intensity (0.3%) indicated am-
plification of the Tollmien—Schlichting (T—S) waves, which fol-
lowed the behavior predicted by linear stability theory up to the
point of turbulent bursting. The boundary-layer spectra for the
0.65 free-stream turbulence intensity case partially followed the
behavior predicted by linear stability theory; however, the higher
frequency fluctuations were not damped but rather were ampli-
fied as the streamwise distance increased until the turbulent
bursting point was reached. When the free-stream turbulence
intensity was elevated to 0.85%, the boundary-layer spectra
showed the same trend as for the 0.65% free-stream turbulence

" imtensity case, but they had a higher emergy content at higher

frequencies. As turbulent bursting was initiated. the energy of the
spectra for all three cases increased at all frequencies. With the
increase in the intermittency along the streamwise distance. the
energy level increased over the whole frequency range, but the
amplirude of the low-frequency disturbances diminished beyond
a certain intermittency level. The energy level asymptotically
reached a constant value as the boundary layer became fully
turbulent. Similar results were reported by Sohn and Reshotko
(19%1).

Blair (1992) measured the sireamwise velocity fluctuation
spectra in the transitional boundary layer with a mild favorable
pressure gradient (K = 0.2 X 107°) and a 0.8% free-stream tur-
bulence level. Prior to turbulent bursting, the spectra showed that
the signal was dominated by lower frequency disturbances. while
the high-frequency portion of the free-stream disturbance spec-
trum had been largely damped out. In the transition region. the
conditionally sampled spectral distributions of the turbulent part,
the nonturbulent part, and the total fluctuations were presented.

0142-727X/96/515.00
SSDI 0142-727X(95)00082-8




Comparison of the spectral distributions for the turbulent part
showed that the ratio of high-frequency to iow-frequency power
increased with the streamwise distance. Blair's results indicated
that the ratio of production to dissipation was relatively high for
early transitional turbulent bursts. To the authors® knowledge,
other than the spectra of mrbulence energy transport, the turbu-
ient thermal energy spectra for a transitional boundary layer are
still lacking in the literamure.

The present experiments were conducted in a two-dimensional
(2-D) wind tunnel with two free-stream turbulence levels at about
0.5% and 6.4%, respectively, on a heated flat plate. The study
focused on three aspects: (1) examining the spectral distribution
of fluctuations near the onset of spot formation; (2) examining
the evolution of the spectral distribution of fluctuations in the
transition process; and (3) examining the spectral analogy be-
rween the velocity fluctuation and the temperature fluctuation in
the transition process.

Experimental program

Wind tunnel

The present research employed a 2-D, open circuit, blowing-type
wind tunnel. A detailed description of the design considerations
and construction specifications was documented by Kuan (1987).
Air is drawn through a filter box and then forced through two
grids, a honeycomb, a heat exchanger, a screen pack, and a 9:1
contraction nozzle before entering the test section. The flow rate
can be adjusted steplessly by a constant-torque, variable-frequency
motor controller. A suction fan and a low-pressure plenum were
installed to provide boundary-layer suction at the leading edge.

Test section

The rectangular test section was 0.15 m wide, 2.4 m long, and
0.92 m high with an aspect ratio of 6. The large aspect ratio
ensured two-dimensionality. One of the vertical walls of the test
section was instrumented as the test wall. The test wall was
composite, consisting of a custom-made, electric heater patch and
185 embedded thermocouples. Measurements were performed by
traversing the probe through holes drilled on the wall opposite
the test wall. The first measuring hole was located 20 cm
downstream of the leading edge, and the rest were arranged so
that they were 15 cm apart from each other. Detailed information
on the heated test wall is documented in Wang et al. (1992) and
Zhou (1993).
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Figure 1 Three-wire boundary-layer sensor for measuring
Reynolds stresses and heat fluxes

Instrumentation and measurements

A three-wire sensor, as shown in Figure 1, was especially
designed to measure the instantaneous longitudinal velocity, the
cross-stream velocity and the temperature simultaneously. Basi-
cally, and ““X’’ array of 1.0-mm long, 2.5-um diameter. gold-
plated tungsten wires was used for velocity measurement. The
sensing length was 0.5 mm. etched in the center. The spacing
between the wires of the *“X’’ array was 0.35 mm. The tempera-
ture sensor was a 1.2-pm, unplated platinum wire located 0.35
mm away from and in a plane parallel to the plane of the “X"”
array. To allow near-wall measurement and to reduce probe
interference, the probe support was bent at an angle of 10° from
the wire axis. However, the wires of the **X’" array were still

-

Notation v+ mean streamwise velocity in wall units. U/u”
. x streamwise distance from the leading edge
E[k), E(k), 1-D spectra of u, v, and ¢ y distance away from the wall
E(k Y+ yu" /v
FSTI free-stream turbulence intensity,
T a4 /T Greek

V@2 +et+w?)/3 /U
k wave number, m™! Ty wall shear stress
P,(k), P,(k), co-specira among u, v, and ¢ r Inrermittency
P (k) A integral length scale,
t instantaneous temperature fluctuation or time Ufsu(tyu(t==)/)/ wtd=
T mean temperature in wall units, (7, -~ P density

Tpc,u” /q. )
u, v instantaneous streamwise and cross-stream Subscripts

L velocity fluctuations = in the free stream
uw, v, t ms values of «, v, and ¢ w at the wall
u" friction velocity = y/7,,/p
13

int. J. Heat and Fiuid Flow, Vol. 17, No. 1, February 1996

o AR




+ . w.l@iuu.‘

Spectral analysis B-L transition: T. Wang and D. Zhou

perpendicular to each other. A more detailed probe description
and the qualification of this probe are contained in Shome (1991).

A TSI IFA 100 Intelligent Flow Analyzer System was used to
operate the ““X°” array hot wires in a constant temperature mode
to measure velocities. A DISA M20 temperature bridge was used
to operate the cold wire in the constant current mode to measure
temperature. A TSI Model 157 signal conditioner was uvsed for
low-pass filtering of the cold wire anemometer signals. The
streamwise velocity, the cross-stream velocity, and the iempera-
ture were measured simultaneously by the three-wire probe.

The sampling rate was 2 kHz. A low-pass filier of 1 kHz was
emplioyed to remove aliasing errors. The choice of a 2 kHz
sampling rate was a compromise between the existing data
acquisition storage memory size. the frequency response of the
cold wire (approximately 3000 Hz). the duration of each experi-
ment (approximately 30 hours). and the significance of the
information that can be obtained at frequency ranges higher than
1000 Hz. The three-wire probe simultaneously takes signals from
two hot wires and one cold wire: because the cold wire had the
poorest frequency response of the three, the sampling rate was
primarily limited by the frequency response of the cold wire. To
investigate the significance of spectra information beyond 1000
Hz, a higher sampling rate of 30 kHz was used for velocity
signals in several locations in the transitional region. It was found
that the energy bevond 1000 Hz was less than 1% in the

near-wall region, less than 5% in the outer boundary layer, and -

approximately 10% in the free stream at a free-stream velocity of
12 m/s. The evolution of the spectra at the higher frequency end
does not provide any further insight into the physics bevond the
data taken at 2 kHz. Therefore, it is believed that the present data
are adequate to indicate the trend of spectral evolution in transi-
tional boundary layers and that the sampling rate is an optimum
choice under the existing conditions. No compensation was made
for the cold wire, because the frequency response (approximately

. 3000 Hz) of the cold wire is higher than the sampling rate (2000

Hz). Detailed information of the method for determining the
frequency response of the cold wire can be found in Keller
(1993).

Free-stream turbulence

Two free-stream turbulence levels were performed for this study.
The lower-level case, with FSTI=0.5% and U, = 1224 m/s,
was used as the baseline case. For the higher-level case, FSTI =
6.4% and U, = 1.7 m/s. The elevated turbulence was generated
by a biplane grid inserted upstream of the wind tunnel contrac-
tion. The free-stream turbulence distribution. the integral length
scale in the streamwise direction. and the power spectrum are
shown in Figure 2. A derailed discussion of the integral length
scale and the free-stream power spectra is contained in Zhou and
Wang (1995). The method of Chua and Antonia (1990) was used
for correcting temperature contamination of the hot wires.

The power spectrum of a fluctuation signal was taken as the
square of the magnitude of the Fourier transform of the signal.
The co-spectra of two fluctuations were taken as the real part of
the multiplication of the Fourier transform of one signal and the
conjugate of the Fourier transform of another signal. The fast
Fourier transform (FFT) technique was used in the process. Each
signal contained 1024 points, and each power spectrum was an
average of 40 signals.

Results and discussion

In this experiment, a boundary layer was allowed 10 undergo
transition naturally from laminar to fullv wrbulent flow. The
results of the baseline mean velocity profiles and the mean
temperature profiles, plotted in wall units, are shown in Figures 3
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Figure 4 Mean temperature profiles, T~ versus Y~ for the
baseline case

and 4, respectively. As seen in these two figures, the flow at
stations 3 and 4, which follows the Blasius velocity distribution
and has negligible intermittency, was clearly laminar flow. The
flow at stations 9—13, which exhibited *“law of the wall’’ charac-
teristics over a sufficient range of Y* and had 100% intermit-

Spectral analysis B-L transition: T. Wang and D. Zhou

tency, was clearly turbulent. The flow at stations 5-8. having
intermitiency between zero and one, was transitional, neither
displaying turbulent. log-linear behavior nor matching the Blasius

profile. The distributions of other statistical quantities across the
boundary layer are documented in Wang et al. (1992, 1996).

Disturbances near the onset of transition

The transition started berween stations 5 and 6. The baseline
velocity signals at stations 3, 4, 5, and 6, taken at the Jocation
where ' reached its maximum across the boundary layer of each
station, are shown in Figure 5. As shown in this figure, the
velocity signals at stations 3 and 4 were dominated by low-
frequency oscillations. At station 5, relatively higher frequency
fluctuations appeared in the velocity signal. Such relatively higher
frequency oscillations are manifestations of typical 2-D (T-S)
instability waves; they are not turbulent fluctuations. At station 6,
the flow was obviously intermittent between the region with
sinusoidal-like, low-frequency fluctuations and the region with
high-frequency fluctuations. According to the linear instability
theory, the most amplified T-S wave frequency range at stations
3 10 6 for the baseline case is approximately between 40 Hz and
200 Hz, or berween 60 m~* and 250 m™' in terms of wave
numbers.

To see the amplified disturbances clearly, velocity signals that
have been high-pass filtered to retain wave numbers above 60
m~} were taken, and the results are shown in Figure 6. As
shown, the T-S wave fluctuations were amplified between sta-
tions 4 and 5.

To see the velocity fluctuation energy distributions over dif-
ferent frequencies, one-dimensional power spectra of the longitu-
dinal velocity fluctuations were processed from stations 3 10 6 at
the maximum & locations, as shown in Figure 7. As this figure
illustrates, most of the fluctuation energy at stations 3 and 4 was
contained in the very low wave number range (95% was under 60
m~1). At station 5. the fluctuation in the T-S wave number
range (60 ~ 250 m ™) was amplified. At station 6, the fluctuation
energy contained in the high wave number range was much
higher than that at stations 3 to 5.
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In Figure 7, some “‘humps” (sinusoidal-like waves) are ap-
parent in the power spectrum at station 5. Generally, such
““humps™ in a spectrum can be caused by two possible influ-
ences: (1) the finite window effect on some sinusoidal fluctua-
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tions contained in the time-domain signal; or (2) nonperiodic
wave forms, such as nonperiodic pulses, in the time-domain
signal. To investigate the source of these humps, the power
spectrum of each data piece was examined. An average power
spectrum is an average of the power spectra for 40 datapieces;
each datapiece contains 1024 datapoints obtained in a sampling
duration of 0.512 seconds. These humps only appeared in some
of the power spectra of those signals containing monperiodic,
finite-width impulses. One such impuise is shown in Figure 8.
This impulse is clearly related to the change of the mean value 2s
the signal passed a turbulent spot or wave packet. This impulse
may be recognized as the first rbulent wave packet observed in
the velocity signals. If this turbulent wave packets were removed.
the humps in the power spectrum of the velocity signal would
disappear, as shown in Figure 9. Therefore, a sinusoidal-like
power spectrum signifies the earlier transition region that occurs
when distinctive turbulent wave packets pass nonperiodically.
These sinusoidal humps disappear when the occurrence of the
turbulent wave packet; i.e., the intermittency, increases, as shown
at station 6 in Figure 7. A regiop of high energy contained
between 60 and 250 m ™! can be seen even after removal of the
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Figure 9 Power spectrum of the signal in Figure 7 after re-
moval of the turbulent wave packet at station 5 for the baseline
case
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wave packet in Figure 9. This verifies the statement made earlier
that the linear T-S wave frequencies contribute to the oscillations
of the nonturbulent part of the velocity signals between wave
packets.

Spectral distributions of velocity fluctuations in wave
packets and their streamwise evolution in the transition
process

Before discussing the spectral distributions of the velocity fluctu-
ations, it would be helpful to review the streamwise evolution of
the peak «/, v', and uv values during the transition process, as
shown in Figure 10. Each point represents the maximum value
across the boundary layer at a fixed x-location. As shown in this
figure, the peak value of ' at each station reached its maximum
value at approximately two-thirds of the transition region (station
7, X =1.07 m; T = 0.88), and then decaved gradually to a nearly
constant value in the turbulent region. However, the peak values
of v’ and ur increased to their maximum values in the later pan
of the transition region, and each maintained an approximately
copstant value into the turbulent region. Further discussion of
possible energy transport related to these phenomena can be
found in Kuan and Wang (1990) and is not repeated here.

The peak locations of # and uv in the boundary layer at
station 7 in the transition region, as replotted in Figure 11, were
very different. The maximum u' occurred at around y/5=10.1;
whereas, the maximum uv (approximately twice the wall shear)
occurred at around y/3 =10.35 {or Y* = 70). To our intuition,
the region of high «' should have been an indication of high
turbulent energy production. To check or this, the turbulence
energy production term {— uvdu/dy}, which extracts energy
from the mean flow, was calculated and normalized, and the
results are shown in Figure 11. The results indicate that the peak
location of the local turbulence production coincided with the
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Figure 11 Distribution of Reynolds stresses and turbulent en-
ergy production at station 7 for the baseline case

peak location of ’. This evidence implies that the high ' values
are more likely caused by local mrbulence production than by
convection from upstream. ’
It is interesting to find out what causes the high Reynolds
shear stress, ur. Because the region of maximum uv values do
not coincide with those of turbulent production, the comparison
made in Figure 11 does not suggest that high Reynolds shear
stress is related to high turbulence production. However, because
the maximum ur occurred at around Y* = 70, it was conjectured
that the region of high Reynolds shear stress may have been a
manifestation of conventional vortex break-up activity or fluid
ejection attributable to bursting. Physically, this conjecture com-
bined with the results in Figure 11 suggests that the breakups that
occurred at the tip of the hairpin vortices might have produced
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large turbulent shear stress, rather than turbulence enmergy, in a
magnitude of twice the local wall shear.

Spectral analysis of the u and v velocity fluctuations can
provide further information about the energy transfer process.
As discussed in the preceding section, once the transition was
initiated near station 5, the power spectrum in the high wave
number range increased rapidly with increasing distance down-
stream. This increase can be seen in Figure 12. The power
spectrum at the wave pumber range higher than 60 m™! is
believed to be derived mainly from the fluctuations in the wrbu-
lent wave packets. Information on spectra with frequencies higher
than 1000 Hz (or wave numbers higher than approximately 1000
m=! for the baseline case) is not available, because the sampling
rzte was 2000 points/s, and the Nyquist principle implies that
spectra information is only meaningful for frequencies lower than
one-half of the sampling frequency.

One-dimensional power spectra of # and r and their co-spec-
tra obtained at the maximum ' locations for the baseline case,
normalized by the corresponding variance, are presented in Fig-
ures 12, 13, 14, and 15. In these figures, the power spectra or
co-spectra are weighted with wave number in the form kE(k) and
are plotted as a function of In(k). The area under the curve
represents the total energy or variance, which equals 1 after
normalization since

" E(k)dk=kE(k)d In(k) (1)

Similar to the evolution of the spectra of x (Figure 12), the
evolution of the spectra of v in Figure 13 also shows that the
fraction of energy comtained in the low wave number range
(k < 60 m™") decreased while the fraction of energy contained in
the high wave number range (k> 60 m™") increased during the
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transition process. The evolution of this process was faster for v
than it was for u. For v, the power spectra changed dramatically
from station 5 to station 6 and reached an equilibrium from
station 7 to station 10. It is interesting to see that the instability at
around 180 m ™! at station 5 is especially amplified in Figure 13.
A rapid change in the u power spectra occurred later berween
station 7 and station 8, and equilibrium was not reachec until
downstream of station 9. These observations are consistent with
the maximum &’ and ¢’ evolutions shown in Figure 10.

In the late transition and early turbulent regions (downstream
of station 8), there was a plateau of high energy conten: detween
100 m~! and 400 m ™! for the power spectra of u (Figure 12). In
contrast, the range of high wave number for the power specira of
v was within 300 m~! to 1000 m™*. The peak locations of the
power spectra of v occurred near the end of the plateau region of
the power spectra of u. This may imply that the energy wansfer
from the longitudinal velocity fluctuations () to the cross-siream
velocity fluctuations (v) is most effective in the high wave
pumber range (between 300 m™! and 1000 m~! for the baseline
case). This is consistent with the cascading theory of rurbulence
energy, with the recipients of energy being in smaller eddies.
This transfer of energy from u to v may largely tzke place
through the correlation with the pressure fluctuations (rezurn-to-
isotropy terms), as is mentioned later in Figure 18. The pressure
fluctuations seem to be the only communication channel between
the «’? and the v'* transport equations.

The co-spectra between u and ¢ at station 6 in the early
transition region and at station 12 in the turbulent region are
shown in Figures 14 and 15. In these figures. the co-specira are
seen to have been affected by both velocity fluctuations. dut the
effect of v is dominant. This suggests that the turbulen: shear
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Figure 16 Power spectra of u velocity fluctuations at the
maximum ¢ locations for the case with FSTI = 6.4%
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Figure 17 Power spectra of v velocity fluctuations at the
maximum ¢ locations for the case with FSTi= 6.4%

stress is predominantly driven by v, even in the presence of
higher magnitudes of «. This provides an important insight into
the dominance of v activity in the transport of turbulent shear
stress. The higher magnitudes of #’ below &0 m™! are stream-
wise unsteadiness. so it does not correlate well with the turbulent
shear.

Elevated FSTI case

The normalized power spectra of the u and v velocity fluctua-
tions for the elevated FSTI case (6.4%) at maximum #' locations
are shown in Figures 16 and 17. In these figures, the turbulence
energy is negligible beyond 1000 m ™. For the fluctuations, the
energy above 30 m™~' (Figure 16) was amplified; the energy
below 30 m~' was damped but maintained at 2 higher level than
for the baseline case (Figure 12). The peak for the u spectrum in
the late transitional and early turbulent region occurred at around
40 ~70 m~"! for the 6.4% FSTI case (Figure 16), while the peak
occurred at around 200 ~ 400 m ™! for the baseline case (Figure
12). The peak of the v spectrum in the late transitional and early
turbulent region took place at around 100 ~ 200 m~! for the
elevated FSTI case (Figure 17), while the peak is at around 500
m~! for the baseline case (Figure 13). These differences in the
wave number ranges containing the primary turbulence energy
may have been caused by the difference between the free-stream
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velocities. Recall that the free-stream velocity was 12.24 m /s for
the baseline case and 1.7 m/s for the high-turbulence case.

The term (3u/3x)" of the dissipation energy terms

pax,‘ ox,

in the # transport equation (see Figure 18) can be estimated from
o

the u spectrum. Based on Taylor’s hypothesis, (3u/8x)" can be
shown to be proportional to

42 =
= fo K2E,(k)dk

(du/0x)" is used here to approximately represent the dissipation
energy terms in the u'* transport equation. Similarly, (3¢ /6.\:)5
is used to approximately represent the dissipation energy terms

ox, ox,

in the v'? transport equation. The streamwise evolution of the
normalized spectral dissipation energy distributions of « _and V'
for a low-velocity, high-free-stream turbulence case . =17
m/s; FSTI = 6.4%) are shown in Figures 19 and 20. By compar-
ing these two figures with the u and v spectra in Figures 16 and
17, it is apparent that the evolution of the spectral distribution of
the dissipation energy was faster than that of the corresponding
turbulence power spectrum. Jhe evolution of the dissipation
energy distributions for the 4 component was similar to that for
the ¢ component, with more energy being dissipated at a higher
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wave number range as the wansition proceeded. This implies that
the cascading process at a high wave number (with small eddies)
is faster than at a lJow wave number (with large eddies).

Based on the aforementioned discussion, the major energy
transfer process in the transition region can be hypothesized. as in
Figure 18. Once the bursts occur at the final stage of the
formation of 3-D vortices. a turbulent shear stress distribution
(ur) forms around the bursts at about Y+ = 70 ~ 100 (Figure 11),
and energy transfers from the mean flow to the longimudinal
velocity fluctuations (process I) through the energy production
term {—uvdU /3y} in the near-wall region (Figure 11). Then,
some energy from the longitudinal velocity fluctuations transfers
to the cross-stream velocity fluctuations at a higher wave number
range (Figures 12 and 13) through the return-to-isotropy terms,
whxch seem to be the only communication channel between the
u?* and v'* transport equations (process IT). The Reynolds shear
stress, which is driven by the cross-stream velocity fluctuations
as shown in Figure 14, increases, extracting. more energy from
the mean flow via the production term

(-]
dy

(process ). The increased turbulent shear stress then extracts
more energy from the mean flow to through process I again.
This encrgy transfer process forms the main routes for production
of «, v, and uv (processes 1, I, and IIT) with supplying pipelines
of emergy from the mean flow that have branches to each
component through diffusion and dissipation. At the same time,
the cascading process transfers the low wave number fluctuation
energy to the high wave number fluctuation energy in the wave
number domain, and the energy is dissipated into heat. Dissipa-
tions of « and v’ reach the ‘‘asymptotic spectra’’ (Figures 19
and 20) of typlcal turbulent boundary layer profiles first. fol-
lowed by the v* spectrum (Figures 10, 13, and 17). Once v
attains the asymptotic spectrum, the production of the Reynolds
shear stress reaches its limit. and the energy transfer from the
mear flow to the lon%nudma] velocity fluctuations becomes
saturated. Eventually, &'“ starts to decay (Figure 10) because of
the limited supply of energy from the mean flow and constant
dissipation through the cascading process; it reaches the asvmp-
totic state last. This scenario is based on spectral information
obtained from maximum #’ locations in the boundary laver and
along the streamwise direction. The effect of diffusion across the
boundary layer is not included in the above discussion.

Spectral analogy between velocity and temperature
fluctuations

Comparisons of the normalized power spectra among the u, v,
and ¢ fluctuations at the maximum «’ locations for station 6 and
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20

0.5

- - KRR 5T
04k ~---- kE(k)/v'2 e
— KE(RA? : ;

03+

02

0l

kEu(k)/w'2, KEy(k)/v'2, kB2

b
°

Figure 22 Comparison among E(k), E (k), and E k) at the
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station 12 are shown in Figures 21 and 22. As is evident in these
figures, the thermal power spectra of the ¢ iemperature fluctua-
tions are very close to the spectra of the u velocity fluctuations in
the early tramsitional region with a large portion of energy
contained in the wave number range less than 80 m~'. Con-
versely, the v spectrum contains more energy in the higher wave
number range with 2 maximum value around 500 m™! (Figure
21). In the early turbulent region at station 12, a large portion of
the energy of u and ¢ has moved to wave numbers hxgher than 80

m~* (Figure 22). It is interesting to see all three curves in Figure

‘72 cross at the same wave pumber, approximately 180 m™~!,

which happens to be the most amplified wave number at station 5
in Figure 13. The implication of this synchronized *‘cross-over’’
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maximum ¢’ location of station 6 for the baseline case
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maximum ' location of station 6 for the baseline case

can be interpreted as the impact of the v fluctuations on the ¢
fluctuations. If we look back at the spectra in the transitional
region in Figure 21, u and ¢ almost exactly overlapped; however,
in the early turbulent region in Figure 22, the ¢ curve seems to be
pulied down by the v curve in the wave number ran less than
180 m™! and pulled up by the v curve above 180 m™". Although
the deviation of r from u is not large, the effect of v on passive
temperature fluctuations is very significant, because the magni-
tude of the v flucruations is smaller than that of the u fluctua-
tions. It should be noted that the magnitudes in Figure 22 are
normalized vaiues.

Comparison among the normalized spectra of the u and ¢
fluctuations and their cospectra for the baseline case is shown in
Figure 23 at station 6 and in Figure 24 at station 12. Generally,
the correlation berween the longitudinal velocity and the tempera-
ture fluctuations is better at the low wave number range than at
the high wave number range in both the transitional and the
turbulent regions. It should be remembered that at wave numbers
lower than 120 m™?, the velocity fluctuations are more associ-
ated with unsteadiness than with turbulence.

In an clevated FSTI case (6.4%), comparisons among the
spectra of v and ¢ fluctuations and their co-spectra in the
transition region (station 6) are shown in Figure 25. Similar to the
co-spectra between the u and v velocity fluctuations, the co-
spectra between the ¢ and ¢ fluctuations are strongly affected by
the v spectrum. The ot correlation (Figure 25) is better than the ut
correlation (Figure 23) in the higher wave number range. This
may suggest that the cross-stream Reynolds heat flux (ur) is
transported by smaller eddies than is the streamwise Reynolds
heat flux (7).

Conclusion

A spectral analysis of boundary-layer transition on a heated flat
plate was conducted at FSTI = 0.5% and 6.4%. The spectra of u,
v, and t and their co-spectra ur and vt were processed at the
maximum « locations of each streamwise measuring station. The
linear TS instability wave amplification was observed in the
case with 0.5% FSTL

The results indicate that the peak location of the turbulence
production (y/8 = 0.1) coincides with the peak location at u;
whereas, the region of high turbulent shear (y/8=035 or
Y~ = 70) produces little turbulence energy. The high turbulent
shear stress was speculated to be associated with the break-up
activity of the hairpin vortices.

Once the transition starts, a large fraction of &' energy is
contained in the lower wave number range (less than 60 m~ )
whereas, the '~ energy is contained in the higher wave number
range (near 600 m~" and beyond). A primary energy transfer
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process for a transitional boundary layer is hypothesized (Figure
18). The return to isotropy terms play an important role in
transferring & component energy to the v component, especially
in the high wave pumber range. The v spectrum reaches the
asymptotic distribution of a typical turbulent boundary layer
faster than the u spectrum does during the streamwise evolution
in the transitional region (Figures 10, 12, and 13). The turbulent
shear stress (uv) was predominantly driven by v even in the
presence of higher magnitudes of u. The dissipation power
spectra for both « and v evolves faster than the turbulence power
spectra of # and v in the transitional process.

The power spectrum of the temperature fluctuations coincides
with that of the longitudinal velocity fluctuations in the early to
middle transitional flow, but it is significantly affected by the v
spectrum in the late transitional and early turbulent flow regions.
The correlation between the u velocity fluctuations and the
temperature fluctuations is stronger at a low wave number range
than at a high wave number range. For the elevated free-stream
turbulence intensity case, the turbulence energy is contained in a
narrower wave number band than in the low turbulence intensity
case. The cross-stream Reynolds heat flux (v1) is transported by
smaller eddies than is the streamwise Reynolds heat flux (u2).
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function to discriminate benveen the nwo flow conditi
experimental incestigation was performed to determine the effecis of different criterion
functions on the determination of intermittency for application in heated transitional
boundary layers with

rand the mechanisms of momentum and *hermal mranspors in
layers has resulted in the use of conditions? sampling to separate
the flow into turbulent and nonturbulent portions. The choicz of a proper criterion

ons is critical. A detailed

and without streamwise acceleration. Nire separate criterion

functions were investigated for the baseline case without pressure gradient and three
cases with streamwise pressure gradient. Inherent differences were found to exist
benveen each criterion function’s turbulence recognition capabilities. The results

indicate that using a criterion functi

on based on Reyrolds shear stress. (duv / 57) =, for

wirbulent / nonturbulent discrimination in a heated wansitional boundary laver is
superior to a single velocity or temperanure scheme. Peak values i intermittency for the
early to midtransitional region were found to occur away from the wall at approximately
y /& = 0.3 for all cases. To match the universal intermittency Gismibution of Dhawan
and Narasimha (1958), the minimum calues of intermittency at = / § = 0.1 should be
used as the representative “near-wall”values.

Introduction

Boundarv layer transition from laminar to turbulent flow
has been recognized as an important feature in the through-
flow of a gas turbine (Graham, 1979, 1984; Mayle, 1991).
Heat transfer in a turbulent boundary layer with a moderate
Prandtl number is tvpically treated as a passive process
controlled by the turbulent momentum transport. For a gas
turbine blade, where as much as 50-80 percent of the turbine
blade surface is covered with flow undergoing laminar-turbu-
lent transition (Turner, 1971), this relation between momen-
tum and thermal transport has not been verified. In addition.
turbine blades are exposed to diverse pressure gradients that
may compound these transport differences. Recognizing and
understanding the fundamental mechanisms involved in tran-
sitional convective heat transfer are keys to improving the
heat transfer modeling and enhancing the accuracy of ther-
mal load predictions on gas turbine blades.

Attempting to understand the mechanisms in transitional

Contributed by the [aternational Gas Turbine Institute and presented
at the 3%th International Gas Turbine and Acroengine Congress and
Exposition. Cincinnati. Ohio. May 24-27, 1993. Manuscript received at
ASME Headquarters February 18, 1993, Paper No; 93-GT-67. Associate
Technical Editor: H. Lukas.

154 / Vol. 117, JANUARY 1995

momentum and thermal transports has resulted in the use of
conditional sampling to separate the flow into turbuient and
nonturbulent portions. Conditional samgiing techniques used
in turbulent boundary layer and shear fiows are many: how-
ever, their application to heated transitional flow is not well
developed. The choice of a proper criterion function to
discriminate between the two flow conditions is critical. The
use of temperature as a passive contaminant to discriminate
between the turbulent and nonturbulent portions as done in

- turbulent boundarv layer flows and shear flows is question-

able in transitional boundarv layers since discrepancies be-
tween the momentum and thermal transport in a transitional
boundary laver exist. Blair (1982, 1992). Sharma (1957). and
Volino and Simon (1991) determinec that the length of
transition for accelerating flows is longer for the thermal
than for the momentum boundary laver. Sharma recom-
mended the use of a separate intermittency factor for the
thermal boundarv layer under these conditions. In light of
these observations. a need exists to determine the seasitivity
of the imtermittency factor in the hearec transitional bound-
ary laver to the choice of criterion function.

Emmons’ (1951) statistical theory of transition introduced
the concept of an intermittency factor Zor calculation in the
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transitional boundary layer. Emmons proposed that the tur-
bulent patches could be treated as fully turbulent flow and
the nonturbulent patches as laminar flow. The bulk flow
properties could then be reconstructed as X = (1 — X, +
T'X,. For example, the skin friction coefficient in the transi-
tional region could be found from the intermittency factor
and the appropriate combinations of the turbulent and lami-
nar values; C; = (1 - TC;, + I'C;,. By knowing the inter-
mittency factor at any streamwise location, the bulk proper-
ties of the transitional boundary layer could be determined.
Treating the turbulent portion of transitional flow as a fully
turbulent flow and the nonturbulent portion as a laminar
flow is a widely used engineering practice (Arnal, 1984,
Narasimha, 1985; Mayle, 1991). This practice has been re-
cently questioned by Kuan and Wang (1990). Their concern
was not on the concept of intermittency but on the adequacy
of treating the turbulent portion as a fully turbulent flow and
the nonturbulent portion as a laminar flow. They concluded
that both turbulent and nonturbulent portions of the transi-
tional flow are different from their counterparts in the fuily
turbulent and laminar flow.

The determination of the turbulent and nonturbulent por-
tions of the transition region and their subsequent separation
relies on the technique of conditional sampling. This tech-
nique was discussed in detail by Hedley and Keffer (1974)
and Muck (1980). It is comprised of three main stages:
selection of a criterion function, determination of a threshold
level, and generation of an intermittency function.

Turbulent flow is a three-dimensional rotational flow char-
acterized by the dissipation of mechanical energy into heat
through a cascade of eddies of diminishing sizes. The crite-
rion function should be ideally representative of this turbu-
lence and offer a good contrast between the turbulent and
nonturbulent portions. However, detection of an energy cas-
cade requires spectral analysis and renders an instantaneous
decision for or against turbulence difficult. Fluctuating vortic-
itv was used by Corrsin and Kistler (1955), but this requires
the use of a2 complex probe capable of spatial differentiation
and is considered by most too difficult to implement, espe-
cially in a transitional boundary layer.

Chen and Blackwelder (1976), Muck (1980), and Antonia
(1981) considered the use of a passive scalar such as tempera-
ture to be superior to velocity or vorticity as a criterion
function. However, Muck (1980) pointed out that the ques-
tion remains whether the thermal interface coincides with
the turbulent (vorticity) interface. For a fully turbulent heated

boundary layer, turbulent/nonturbulent discrimination oc-
curs primarily in the outer boundary layer where the turbu-
lent fluid is rotational and the nonturbulent fluid is irrota-
tional. The temperature in the irrotational portion remains
constant and is lower than the temperature in the turbulent
regions. The classic temperature discrimination scheme uses
the temperature dirsctly and identifies “hot” fluid as turbu-
lent and “cold” fluid as nonturbulent. The validity of this
classic scheme neecs to be re-examined in the transitional
boundary layer where the vorticity dynamics are different.
The dvnamics of the vortices on the rotational/irrotational
interface of the fully turbulent boundary are different than
the vortex tubes on the boundary between the turbulent and
nonturbulent portion in a transitional boundary layer. The
temperature in the irrotational portion of the turbulent outer
boundary layer maintains a constant lower temperature than
the rotational portion. However, the temperature of the
nonturbulent portion of the transitional boundary layer is not
necessarily lower than the temperature in the turbulent por-
tion. In the transidonal boundary layer. the temperature
profile, similar to the velocity profile, will alternate between
a laminarlike profile and a turbulentlike profile. In addition,
the “calming region™ at the trailing edge of a turbulent patch
imposes difficulty for discriminating the turbulent/nonturbu-
lent portions since both fluctuating magnitudes and mean
values are changing. No such calming region is observed in
the interface between a turbulent boundary layer and free
stream.

Difficulties also arise in using velocity fluctuations. Veloc-
ity fluctuations are not unique to the turbulent fluid and may
be due to amplified oscillations of the free-stream dis-
turbances or Tollmiea—Schlichting waves. As a result, some
procedure must be used to desensitize it. Also, spurious
dropouts (short regions where the criterion function falls
below the threshold level indicating nonturbulent flow) occur
within a turbulent burst and some form of smoothing is
required. Smoothing may take the form of a running average
to eliminate the spurious dropouts or the use of a holding
time where any excursions shorter than the holding time are
still considered turbulent. Hedley and Keffer (1974) recom-
mended [(9%u/d7)* + (3%v/a7%)*] or [(6u/d7) +
(du/d7)*] for use as the discrimination scheme stating that
the Reynolds shear siress has a lack of definition at the
interface leading edge. Antonia (1972) used (Jucr/d7)* and
reported a sharp drop in the Reynolds shear stress at the
interface conflicting with the results of Hedley and Keffer.

Nomenclature

W', ', w' = rms values of velocity
fluctuations
u* = friction velocity = y/7,./p
U,V = instantaneous velocities
U = mean velocity

C; = skin friction coefficient =
7,/(pUZ/2)
C, = pressure coefficient
= (P - me)/[(l/Z)PUx;cf
K = pressure gradient parameter
= (v/UXdU, /dx)
P = static pressure pd

Ur=U/u*

uv = mean Reynolds shear stress
ut= mean Reynolds streamwise

& = boundary laver thickness at
0.995 U,
8* = displacement thickness
€ = turbulent dissipation rate
v = Kinematic viscosity
¢ = length in transition region =
*r=075 ~ Xreo.s
p = density
T = time
7, = shear stress on the wall

Re, = Reynolds number = U x/v

¢ = instantaneous fluctuation in _ heat flux Subseri
temperature vt= mean Revnolds cross-stream ubscripts
' = rms value of temperature heat flux o = = free-stream value
fluctuation x = coordinate in streamwise di- nr = nonturbulent
T = instantaneous temperature rection ref = reference location at x = 20
u, v,w = instantaneous velocity fluctu- y = coordinate normal to the sur- cm
ations in streamwise, cross- faie s = onset of transition
stream. and spanwise direc- Y==yu*/v ¢ = turbulent

tions
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I = intermittency factor

w = at the wall
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Muck (1980) investigated several Ciscrimination schemes and
concluded using |dur/a7| or 1¢-ur/dr*| worked best and
was closest to the temperature scheme.

The threshold value is the minimum value of the criterion
function set just above the background noise and nonturbu-
lent fluctuations. Several differen: methods for choosing a
threshold level have been proposed. Corrsin and Kistler
(1955) plotted the cumulative dis:ribution functions of the
intermittency as a function of thrashold value. The point of
maximum curvature was then used to select the threshold
value. This method worked well when the intermittency was
low but was unreliable for high values of intermittency (Muck,
1980). Hedley and Keffer (1974 raised the threshold level
and determined the average time duration of all the nontur-
bulent zones of the discriminaticn scheme until a constant
value was reached. This process wzs repeated for all stream-
wise and cross-section locations. A similar threshold value
was observed when the beginning of the constant time aver-
age duration was reached. This single value was used for all
locations. However. this method is very sensitive to spurious
dropouts and the smoothing procsdure. Antonia (1972) set
the threshold equal to a fraction (0.3) of the overall average
of the function. With all these diiferent schemes being tried
what remains clear is that there is no rational method of
choosing a threshold value. It is tvpically adjusted by trial and
error until the results conform with the individual re-
searchers expectations (Muck. 1930).

The above-mentioned investigations were performed in
fully turbulent boundary lavers. These same ideas are usually
extended into transitional boundary layers but it remains to
ve verified because the flow and thermal structures in the
transitional boundary laver are different from those in the
turbulent boundary laver as expiained previously. The work
presented in this paper is a sysiematic investigation per-
formed to determine the effects of different criterion func-
tions on intermittency in a heated transitional boundary
layer. to establish an adequate conditional sampling tech-
nique to separate the flow into the appropriate
turbulent /nonturbulent portions. and to investigate specifi-
cally the difference between velccity and thermal intermit-
tency if it exists. Experiments were first performed in a
transitional boundary laver flow over a flat surface without a
streamwise pressure gradient and Jollowed by three cases of
accelerated boundary laver at three different K values.

Experimental Program

Test Facility. The test facility used in this research pro-

-gram consisted of a wwo-dimensional. open circuit, blowing

type wind tunnel. The maximum air speed was 35 m/s,
uniform within 0.7 percent and steady within 1 percent over a
20-hour period. An inlet airflow filter box was covered with a
laver of Rayon-viscous felt capabie of filtering out particles
larger than 5 um. The free-stream air temperature was
controlled by the heat exchanger and the air conditioning
svstem in the laboratory and could be maintained within
0.5°C over a period of 20 hours and uniformly within 0.1°C. A
suction fan and low-pressure plenum were installed at the
leading edge to provide suction. A detailed description of the
wind tunnel is provided by Kuan (1987) and Kuan and Wang
(1990).

To provide the two-dimensionai flow required in this in-
vestigation. the test section was designed with a large aspect
ratio of 6. The test section was 0.15 m wide. 2.4 m long. and
0.92 m high consisting of a heated :est wall. an outer observa-
tion wall. a top wall cover. ané a bottom wall table. A
composite construction was utilized for the rectangular 2.4
m X 0.92 m heated test wall. The back surface was covered
with 25.4 cm of R30 fibergiass insulation to minimize back-
plane conduction losses. The heuting pad consisted of a
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heater foil sandwiched between glass cloth and silicon rubber
sheets. A 1.56-mm-thick aluminum sheet was vulcanized to
the front surface of the heater pad to ensure uniformity of
the heat flux. A 1.56 mm polycarbonate sheet was placed on
the front surface to provide a smooth test surface on which
the air flows and measurements were taken. One hundred
eighty-five 3-mil E-type thermocouples were embedded be-
neath the test surface and were strategically placed along the
test surface to capture the evolution of the wall heat transfer
during the transitional flow process.

Fourteen measuring holes of 2.54 cm diameter were drilled
along the centerline axis and eight measuring holes of equal
diameter were drilled along the off-centerline in the cross-
span direction. The first centerline measuring hole (station 1)
is located 20 cm from the leading edge with the remaining
measuring holes placed every 15 cm (labeled sequentially
station 2 through station 14). Plexiglass plugs, flush with the
inner surface, were used to plug the holes when measure-
ments were not being taken. Slots cut into the table and the
top wall provide for adjustment of the outer wall in order to
vary the pressure gradient in the test section. A schematic of
the thermocouple layout and the location of the profile
measurement locations is shown in Fig. 1. The detailed
description of the test section and heated test wall was
documented by Wang et al. (1992) and Zhou (1993).

Geometry of the Test Section. For the baseline case, with
no acceleration. the outer wall of the test section was ad-
justed to account for the growth of the boundary layer and to
maintain 2 near-zero pressure distribution inside the test
section with a variation of pressure coefficient, Cp, within 1
percent as shown in Fig. 2.

Three different favorable pressure gradients were utilized
in this investigation. A constant pressure gradient parameter,
K, was maintained during each case. One of the advantages
of using a constant K over other pressure gradient parame-
ters is that a constant K can be directly related to the
geomerry of the test section. By linearly decreasing the wall
separation between the inlet and exit. a relatively constant K
value can be obtained. For each acceleration case, the width
of the test section inlet was maintained at 15.24 cm and the
downstream width was arranged to decrease linearly to the
exit plane. An exit width of 14.6 cm was used for the lowest
acceleration case of K = 0.07 X 10~° while an exit width of
8.9 cm was used for the highest acceleration case of K = 0.25
% 1075. The free-stream velocity distribution and pressure
coefficient for each case is shown in Fig. 2. It should be
noted that a constant K flow is inherently different from a
Falkner-Skan flow, which has a constant A {=
(82/vXdU, /dx)] value. For a bounded passage flow, as in
the turbine. a use of K-value to characterize the flow acceler-
ation is more appropriate than the use of A even for situa-
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Fig.3 Three-wire boundary layer sensor

tions with the boundary laver thickness much smaller in
comparison with the passage wicth. Detailed explanations
concerning the physical meaning of flow and thermal fea-
tures of accelerated boundary layers with constant K values
and the differences between a constant K and a constant A
flow were made by Zhou and Wang (1992).

Three-Wire Sensor. A specially designed miniature
three-wire probe was used to measure all the boundary layer
velocity and temperature data. This sensor is similar to that
used by Sohn et al. (1989). An X array. consisting of 1.0-mm-
long and 2.5-pm-dia Wollaston-tvpe platinum-coated tung-
sten wires, was utilized for the velocity sensors. An active
sensing length of 0.5 mm was etched in the center. The X
wires were placed orthogonal to each other with a spacing of
0.35 mm. The temperature sensor is a 0.35-mm-long unplated
platinum wire 1.2 um in diameter placed normal to the mean
flow direction in a plane parallel to the plane of the cross
wire and spaced 0.35 mm from the X array. This orientation
for the temperature wire was chosen to eliminate any stream-
wise temperature gradients. Due to the difficulty in maintain-
ing the accurate sensor arrangement during fabrication when
bending the three pairs of prongs. as for a typical boundary-
layer type probe, the prongs were kept straight: the probe
stem was bent at an angle of 10 deg from the probe axis. This
angle was chosen to ensure that both of the X wires touched
the wall simultaneously without interference between the
probe stem and the wall (sec Fig. 3). A complete description
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of the probe design and qualitication. speciticzily in a heated
transitional boundary layer, can te found in Szome (1991).

Measurements and Instrumentation. The welocity-sensors
were operated in a constant-temperature moce using a TSI
model IFA 100 Intelligent Flow Analyzer. The IFA 100
allows simultancous operation of up to four channels. A
DISA M20 temperature bridge was used :0 operate the
temperature sensor in the constant current mode. For future
turbulent power and thermal power specirz! analysis. TSI
Model 157 signal conditioners were used o low pass filter
signals from all three sensors. The X-wires of the three-wire
sensor were operated at overheat ratios of 1.-3 and 1.66. The
1.2 pm temperature sensor was operated with a very low
overheat ratio. The probe current was set at 2.1 mA and an
amplifier gain of 3500 was used. For converience. the veloc-
ity wires are called hot wires and the temcerature wire is
called cold wire in this study. The TSI IFA 100 is also
equipped with a square wave generator with a frequency
range of 0.3-30 kHz and amplitude range of 0-45 V. The
square wave generator was used to optimizs the frequency
response of each velocity wire prior to calibration to ensure
minimum under or over damping of the wirz response. The
optimum frequency response found for each velocity wire
was approximately 200 kHz. The frequency response of the
temperature sensor was experimentally determined ranging
from 4800-6400 Hz depending on the velocity using the
DISA M?20 constant current bridge (see Wang et al.. 1992.
for details). The data from all three sensors were subse-
quently sampled at 2 kHz for 20 seconds with the low pass
filter set at 1 kHz.

The wind tunnel. the test wall power scpply. and the
cooling water supply were started at least 12 hours prior to
the experimentation. A global measurement for wall temper-
ature distribution was performed by scanning the tempera-
ture approximately every two hours. Each time an average of
three different scans, which each scan made a1 a sample rate
of 1 channel/second. was obtained. During te measurement
of each boundary layer temperature profiie. a check of the
steadiness of the local wall temperature was performed be-
fore, midway, and at the end of each measurzment. Both the
global and local check served to monitor the sieadiness of the
wall and the free-stream temperature. For ai thermocouple
measurements a Metrabvte IEEE-188 generzi interface 1/0
expansion board was used. A Fluke 8842A Z.= digit digital
multimeter and a Fluke 2205A 100-channel switch controlier
were interfaced with the IEEE—$88 board. Scecial low volt-
age scanner modules (Model 2203A-600). 2ach with silver-
coated shields, were installed in the switch controller to

provide a voltage resolution of 1 uV for thermocouple emf
measurements. For each case a uniform heat flux of 335

W/m? was applied to the test wall and tZe free-siream
temperature was maintained at approximazzly 15°C. The
resulting wall temperatures ranged from 24 C 10 41°C.

Conditional Sampling Technique. Concizional sampling
consists of three primary stages: the choicz of a criterion
function, the determination of a threshold value, and the
generation of an intermittency function. The determination
of the threshold value and intermittency {unction are dis-
cussed below.

To determine the appropriate thresholc walue for each
criteria function. a “dual-slope method™ was used. This
method is based on the cumulative distributicn of probabiiity -
density functions (PDF) used by Corrsin and Kistler ( 1933)
and was extended bv Kuan and Wang (19%;1. This method
uses a graphic approach to find the threshoid value at each
focation. A program was used o generate cumulutive
distribution of intermittency as a function of Zrashold value.
For each data reading, the criterion functics sas compared
to the threshold value. If the value was zrzzter than the
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Fig. 5 (a) Possible probability density function for the turbulent
and nonturbulent fluid, and (b) final probability density function for
the desensitized criterion function (Hedley and Ketfer, 1974)

threshold, the reading was considered turbulent. If the value
was less than the threshold and the next two readings also
less than the threshold, the reading was considered nontur-
bulent. Once all the readings for a given location were
categorized. the final intermittency for that threshold was
determined. The threshold value was then increased and the
process repeated. The resulting intermittency distribution
function was then plotted as shown in Fig. 4. When pre-
sented in a semi-log coordinate, two straight lines of different
slopes were apparent (therefore, named dual-slope method)
and the threshold value at the intersection of these two lines
was taken as the initial estimate. Further refinement was
required to find an optimum value. The reasoning behind
this method is as follows. The background noise and fluctua-

" tions in the nonturbulent portion are close to a Gaussian
probability density, f(g). The fluctuations in the turbulent
portions also have a Gaussian probability density but with a
larger standard deviation (Fig. 5a). By choosing the appropri-
ate criterion function and desensitizing it, the intersecting
region of these two curves is minimized (Fig. 5b). The area of
intersecting regions depends on the actual flow behaviors. An
inevitable overlap region will represent the probability of
indeterminable discrimination of turbulence from nonturbu-
lence. For each threshold value 32768 (2*°) data readings
were processed.

After the sampled data were reduced. the intermittency
function was obtained. The value of this function is 1 if the
flow is turbulent and is 0 otherwise. Due to inherent spurious
dropouts amidst turbulent signals, a holding time was intro-
duced to smooth out these spurious dropouts. Hedley and
Keffer (1974) suggested an optimum holding time based on
the Kolmogorov length scale, n = (v*/€)'"*. The recom-
mended holding time will be n divided by the convective
velocity of the smallest eddies. However. the probe resolution
and the digital sample rate must aiso be considered. The
actual holding time is therefore suggested by Hedley and
Keffer (1974) to be approximately 15-35 times this Kol-
mogorov scale. Hedley and Keffer used a value of 4 times the
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sampling time interval, which was 0.0004 seconds. Since the
eddy size in transitional flow is larger than the eddy size in a
fully turbuient flow, the holding time was assigned a larger
interval for the transitional flow. For this investigation, with a
sample rate of 2 kHz the holding time was set equal to three
sampling time intervals. which corresponds to approximately
200 times the Kolmogorov scale for the fully turbulent
boundary laver (baseline case). ’

Results and Discussion

Criterion Functions. All criterion functions were gener-
ated from the output signals of the three-wire sensor. The
streamwise and cross-stream velocities (U and V), the tem-
perature (7). and the corresponding correlations (ue. ¢1. and
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ur) were used. Sixteen locations were investigated for the
zero-pressure gradient boundary layer (baseline case). Each”
cross-stream location was selected based on the distribution
of streamwise velocity fluctuations («’). Station 5 (Re, = 6.13
x 10°%) was the first measuring location to indicate signs of
transition in the form of turbulent bursts. A location of
y/8* = 1.2 corresponding to the maximum peak in u’ was
investigated for this station. For each remaining station in
the transition region, stations 6 through 8 (Re, = 7.43 X 10°
through Re, = 9.87 X 10°), three cross-stream locations were
selected corresponding to the maximum peak in u'. the
plateau region following this maximum peak. and a point
near the edge of the boundary layer. For stations 9 through
13 (Re, = 11.2 X 10° through Re, = 16.2 X 10°), a single
location near the edge of the boundary layer was investi-
gated. A near-wall point was also investigated for the fully
turbulent boundary layer of station 13. Similar points were
chosen for each pressure gradient case. Three representative
' distributions for stations 3. 8. and 13 of the baseline case
and the corresponding locations of investigation are shown in
Fig. 6. An example of the signals and correlations from the
baseline case for station 6 with I’ = 0.5 are shown in Fig. 7.
It is apparent that turbulent/nonturbulent discrimination
from the direct use of T, U, or ut would be difficuit. For V,
vt, and ur the turbulent portions are most clearly defined
(labeled A4 in Fig. 7) but several questionable regions still
exist (labeled B). The raw signals shown in Fig. 7 are
inappropriate for use as criterion functions especially with
the presence of unsteady oscillations in the nonturbulent
portion. A means of desensitizing the signal to the nonturbu-
lent fluctuations must be implemented. The method most
commonly used is to high-pass filter the signal or to differen-
tiate the signal with respect to time and square it, thus
emphasizing the high-frequency components.

A comparison of the effects of using an ideal digital
high-pass filter and taking the derivative of an example signal
is shown in Figs. 8(a—d). For all differentiation throughout
the analysis, a second-order central-difference technique was
utilized. A 0.5 second sample of the Reynoids shear stress
sampled at 2 kHz with a 1 kHz analog filter is shown in Fig.
8(a). The frequency response of the first time derivative and
the ideal digital high-pass filter with a 200 Hz cutoff fre-
quency are shown in Fig. 8(b). The first time derivative
behaves as a high-pass fiiter with a linear phase and a
frequency response with a slope of 35 dB /decade. Applyving
both the time derivative and the idcal digital high-pass filter
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to the signal shown in Fig. 8(a) and squaring, results in the
criterion functions shown in Fig. 8(c). The resulting probabil-
ity distributions for each case are indicated in Fig. 8(d). For
the transitional flow signal, no significant differences are
observed between using the first time derivative filter and the
ideal digital high-pass filter. These results are significant for
several reasons. First, using a digital filter in post-acquisition
allows more flexibility than using a high-pass analog filter
during acquisition. This allows for post-acquisition filter ad-
justment for different signals and flow conditions. Second,
using a low-order derivative is easier to implement and
requires less computational time than a higher order digital
filter. A higher order filter requires more terms to implement
in the time domain than a low-order derivative, thus increas-
ing computational time. Implementation of an ideal digital
high-pass filter must be done in the frequency domain, which
requires performing an FFT and IFFT, resulting in more
than an order of magnitude increase in computational time.
Nine separate criterion functions were investigated for the
baseline case and the three pressure gradient cases. An
example of the criterion functions investigated corresponding
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to the signals in Fig. 7 are stown in Fig. 9. Six criterion
functions were based on the second derivative of the signals
while three criterion functions were based on the square of
the first derivative. In both these figures, 0.5 seconds of data
(1000 data points) are shown from the 16.38 seconds (32768
point) record. The intermittency determined from the “dual-
slope method” for each critericn function was compared to
that obtained by direct observation (the eyeball method). In
all cases the discrepancy berween the two methods was
within 5 percent. From Fig. 9 it is observed that differences
in turbulence discrimination exist between the various crite-
rion functions. A larger uncertzinty is observed in using the
second derivative of the streamwise Reynolds heat flux,
d*ut/dr* (CF7). The demarcation between the turbulent
and nonturbulent portions for tiis criterion function is not as
pronounced as the others. This correlation could not be
desensitized to low-frequency unsteadiness. resulting in sev-
eral false turbulence readings. This low-frequency unsteadi-
ness was more apparent in several of the other signals (not
shown in this paper). The intermittency values obtained using
criterion functions based on temperature (CF1) or a single
velocity signal (CF2 through CFZ) were comparable within 5
percent throughout the transition region. No advantage was
gained by combining velocity signals (CF5), as recommended
by Hedley and Keffer (1974). Using criterion functions based
on ur (CF6 and CF9) or vt (CF3) resulted in intermittency
values 0.14 to 0.38 lower in the outer boundary layer region
(y/8 > 4.0) than the values found from the single-signal-
based criterion functions. These discrepancies occurred in
the late transitional and early turbulent regions (stations
8-13). The range of intermittancy values determined for

* several locations of the baseline case are presented in Fig.

10. The large variation in the outer boundary layer is appar-
ent. This same procedure was repeated for each pressure
gradient case with similar resuits (Figs. 11 and 12). A com-
plete listing of all the intermitteacy and threshold values for
each criterion function was documented by Keller (1993).
The intermittency determined for each criterion function
from the “dual-siope method” was compared to the eyeball
method for verification and was always within 5 percent. It is
apparent from these results that near-wall intermittency val-
ues were similar regardless of th2 criterion function. Only in
the outer boundary laver were significant differences ob-
served. The results from using the temperature based scheme.,
CF1, were consistent with the results from the other single
signal schemes (CF2 through CF3) for all cases investigated.
No differences were found using tie temperature-based criterion

160 / Vol. 117, JANUARY 19€5

@) ®

Station Numbers T

o

[V

1.
H@

T L] L] ) ]

3 4 5 6 7
kY

Fig. 11 Intermittency variation for different criterion functions (K=

0.07 x 10°%)

o
— =4
N

1.0

le®@
I

I K=016x10"

08+ T K=025x10F @

0.0 +rrrrrr Ty

0 1 2 3 4 5 6
y8" 7

Fig. 12 Intermittency variation for different criterion functions (K =
0.16 x 10°® and K = 0.25 x 10°%)

function to support the use of separate thermal intermittency
factor.

From the results above the criterion functions were di-
vided into two groups, the single signal schemes (CF1 through
CF3) and the correlation schemes (CF6 through CF9). One
criterion function from each group was selected for further
investigation. CF2 was chosen from the first group and CF6
from the second. Each of these criterion functions showed
the greatest demarcation between the turbulent and nontur-
bulent portion of the flow for their respective groups. In
addition. these two criterion functions are the ones most
commonly used by researchers.

Best Criterion Function. Several factors were considered
for determining which criterion function is the best choice for
use'in the transitional boundary layer. These factors include:
(1) a sharpness in demarcation between turbulent and non-
turbulent portions of the flow, (2) a small variation of thresh-
old value throughout the transition region, (3) a low uncer-
tainty in determining the threshold value. and (4) a low
sensitivity of the resulted intermittency to the uncertainty in
choosing the threshold value. A single location in the mid-
transition region was selected for detailed comparison of the
two chosen criterion functions. A location from station 6 for
y/8= = 1.1 was selected. For this location. both criterion
functions indicated an intermittency value of approximately
0.3.
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A detailed view of the two criterion functions and the
resultant intermittency function is shown in Fig. 13. The raw
signals up to 0.5 seconds of Fig. 13 are previously shown in
Fig. 7. Both criterion functions are of the same order of
magnitude within the regions labeled A-E in Fig. 13. How-
ever, each criterion function weights different areas within
each region differently. For example, for region E, CF6
indicates intense turbulent activity toward the end of the
region with less turbulent activity toward the beginning of the
region. CF2 indicates the turbulent activity at the beginning
and end of region E is of the same order of intensity. The
two different criterion functions do not recognize turbulence
equwalentlv inherent differences exist. It remains to deter-
mine which criterion function more accurately represents
turbulence. Also shown in Fig. 13 is an expanded view of
each criterion function in order to investigate the detailed
structure between and within each region. While regions
A-E are of the same order of magnitude, the expanded views
show that the areas between these regions are not. CF6 has a
much sharper demarcation berween the turbulent and non-
turbulent portions. This difference results in different varia-
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tions of threshold value throughout the transition region for
each criterion function. For CF2, large variations of the
threshold value occur. Typically the threshold value is the
smallest very close to the wall and increases nonlinearly,
asymptotically approaching a constant value near the edge of
the boundary layer. An increase of 500 percent is typical. No
quantitative correlation is found to describe this trend. A
similar observation was made by Kuan and Wang (1989,
1990) using the same criterion function (CF2). For CF6,
negligible variation in the threshold value occur in this study.
The resuits from the “dual-slope method” consistently indi-
cate an almost constant threshold value regardless of loca-
tion. This nature of a nearly constant threshold value is
especially advantageous in the outer boundary layer in the
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late transitional and turbulent region because the linear
slope representing the Gaussian probability density distribu-
tion of the nonturbulent portion in the dual-slope diagram
(Fig. 4) in these regions becomes very short and vague. The
four factors previously mentioned for determining the best
threshold value are best satisfied using the Reynolds shear
stress. This indicates that the Reynolds shear stress is easier
to implement in transitional flow and more accurately indi-
cates the turbulent regions.

While the intermittency factor for the overall record was
approximately 0.5 for both criterion functions, the intermit-
tency functions displayed in Fig. 13 indicate that regions
identified as turbulent were not the same for each criterion
function. For example, region E is identified as two turbu-
lent bursts using CF2 but was identified as two large bursts
with several smaller bursts using CF6. These smaller bursts
are not picked up as the turbulent portion when CF2 is used.
Sometimes, using the streamwise velocity may indicate the
same overall intermittency factor as the Reynolds shear stress
but analysis of the turbulent and nonturbulent portions will
most likely not yield the same results.

To investigate these differences further, 30 points through
the boundary layer at station 6 were conditionally sampled
using both criterion functions. Figure 14 shows the distribu-
tion of intermittency through the boundary layer. The dis-
crepancy in outer boundary layer intermittency is apparent
for y/8 > 0.4 with T from CF6 being consistently lower than
I from CF2. For y/8 < 0.4 the intermittency values from
each criterion function are nearly identical. The conditionally
sampled mean velocity profiles for each criterion function are
presented in U™ versus Y™ coordinates and are shown in
Fig. 15. Both criterion functions result in similar profiles. The
nonturbulent portions matched the Blasius profile while the
turbulent portions do not exhibit the logarithmic law-of-the-
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Fig. 18 Intermittency distribution through boundary layer using
(duv/dr)? K =0.07 x 10°°

wall région. No differences were discernible berween the abiliries
of each criterion function to separate the mean velociry. The
conditionally sampied Reynolds normal stresses are shown in
Fig. 16 where differences are seen between the results from
the two criterion functions. For CF2, the peak intensity in
the nonturbulent portion is 11 percent while the correspond-
ing peak intensity for CF6 is 9 percent. Both peak intensities
occur at approximately y/8 = 0.3. The turbulent part from
using CF6 indicates higher values in Reynolds normal stress
than the results from using CF2. Similar results are observed
for the Reynolds shear stress, — ur/u*~ (not shown here).
The criterion function using streamwise mean velocity under-
evaluated the Reyvnolds stresses in the turbulent portion and
overevaluated them in the nonturbulent portion.

Intermittency Distributions. Using CF6 as the best crite-
rion function, the intermittency distribution through the tran-
sition region for each case was determined. The results are
shown in Figs. 17-20. The resuits for a fully turbulent bound-
ary laver obtained by Klebanoff (1954) are included for
comparison. The dashed lines in each figure represent the
uncertainty in determining the boundary laver thickness, 3.
The uncertainty in the mean streamwise velocity for the
three-wire sensor is approximately 3 percent. which corre-
sponds o an uncerzainty in 8 of =3 percent. This variation
in & resuits in a large variation in [ for the fully turbulent
profile near the edge of the boundary layer. For the baseline
case. the intermittency distributions for stations 8 through 13
are seen to martch the fully turbulent profile (within the
ancertainty band). Station 6 exhibits a peak in intermittency
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away from the wall similar to that reported by Kuan and
Wang (1989, 1990), Sohn-et al. (1989), and Gostelow and
Walker (1990). For the acceleration cases of K = 0.07 x 10~¢
and K = 0.16 X 10~° (Figs. 18 and 19, respectively), similar
observations are made. In the late transitional and early
turbulent regions intermittency distributions match the fully
turbulent results of Klebanoff. Peak values in intermittency
for the early to midtransitional regions occur away from the
wall at approximately y/8 = 0.3 for all three accelerating
cases. As K increases, the length of transition increases, thus
allowing more stations to be measured in the transition
region. For K = 0.16 X 107® in Fig. 19, three profiles are
observed to have intermittency peaks away from the wall.
These peaks disappear approximately midway through the
transition region. Visual inspection of the instantaneous cor-
relation signals verifies that the frequency of breakdown
increases to a maximum away from the wall then decreases
toward zero in the free stream. A similar observation was
made by Kuan and Wang (1990). who attributed these peaks
to the overhang of a typical turbulent spot. Blair (1992) did
not observe the peak in his experiment in a transitional
boundary layer with a free-stream turbulent of 0.8 percent
and K =0.2x 1075 However. he reported observing a
near-wall minimum and a peak at about y/& = 0.3 in the
intermittency distribution in higher turbulence cases (1.9 and
2.5 percent). Mayle (1991) pointed out the controversy on the
peak in intermittency distribution across the toundary layer
and attributed it to the differences in the turbulent flow
discrimination schemes used to determine intermittency. As
early as 1958, Dhawan and Narasimha concluded that al-
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Fig.21 Determination of x, and corresponding representative near
wall intermittency in I versus x coordinates using the value of I' at
different y/ & locations as the representative intermittency

though the I'(y) variation is probably important to the de-
tailed structure of the turbulent motion associated with the
turbulent spots, the value near the wall is the characteristic
property for the transition region. These authors believe the
peak intermittency at about y/4 = 0.3 in the early to middle
transitional boundary layer is real and it reflects the stretch-
ing of a turbulent spot away from the wall. This vortex
stretching is a very important part of the vortex dynamics
during the early transitional process.

The general appearance of the intermittency distribution
across the boundary layer of an accelerated flow is very
similar to that of a nonaccelerated flow; however, a distinc-
tive near-wall minimum exists at about v/8 = 0.1 for most of
the stations even as late as I’ = 0.9 (Figs. 18 and 19). The
intermittency value increases at a clear trend toward the wall
from this minimum, which is not observed in the baseline
case in Fig. 17. For the strongest accelerating case, K = 0.25
x 107¢, the intermittency distributions for stations 8 to 11
are almost identical (see Fig. 20). This implies a strong
suppression of the growth of turbulent spots. The transition
process for this case is not completed at the exit of the test
section of the current facility.

To find the intermittency factor, I'(x). through the transi-
tion region, the method first developed by Dhawan and
Narasimha (1958) was used. Dhawan and Narasimha pro-
posed a “universal” intermittency distribution of the form

T(x) =1 - exp[ =0.412(x - x,)?/£%]
where

§=Xpag7s ~ Xragzs-

The applicability of using this technique in boundary laver
flows subjected to pressure gradiemts was discussed by
Narasimha et al. (1984).

To determine the start of transition. «x,, the following
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procedurz is taken following their recommendations. The

function y/ — In(1 — [(x)) is plotted versus x and a straight
line fit to the data between 0.25 < T' < 0.75. The x intercept
is x,. An appropriate value of I'(x) to represent the intermit-
tency at 2ach x location must still be determined in light of
the nonuniform distribution of intermittency across the
boundary layer. Mavle (1991) stated that most researchers
who use anemometers to determine the intermittency typi-
cally chese the near-wall value to be around y/8 = 0.2. In
order to !ook into this issue, three locations were chosen for
the selec:ion of the representative intermittency value, I'(x):
the location of the intermittency peak (approximately y/5 =
0.3), the value at y /8 = 0.2 as suggested by Mayle, and the
value at the local minimum near the wall (y/8 = 0.1) for
using the peak value of intermittency (note: since the flows
for K =10.25x 107> never completed transition in the

present facility they are excluded from further discussion).
For K = 0.16 X 10~°, only the results for I'(x) > 0.6 fol-
lowed a linear relation when plotted in F(I') versus x coordi-
nates. The representative intermittency distribution obtained
from these results are shown in Fig. 21(b). Too large a
deviation from the universal distribution is observed for
K =0.16 x 10™° to justify using the peak value in T. This
procedure was repeated for the intermittency values obtained
at y/8 = 0.2 and the results are shown in Figs. 21(c) and
21(d). The representative intermittency distribution still
shows a large variation from the correlation of Dhawan and
Narasimha (1958). The results using the values of intermit-
tency obtained from the minimum near the wall (y/8 = 0.1)
are shown in Figs. 21(e) and 21(f). For K = 0.16 X 1078,
two linear regions of different slopes are present in the F(I')
versus x coordinate similar to the results of Narasimha et al.
(1984) and Blair (1992). Narasimha (1985) termed this sud-
den change in flow behavior “subtransition,” indicating the
flow changes from a subcritical to a supercritical state. The
near-wall intermittency distribution is seen to match the
“universal” distribution of Dhawan and Narasimha with
slightly higher values for K = 0.16 X 10~ in the early transi-
tion region. Acharva (1985) and Blair (1992) measured the
streamwise distribution of boundary layer intermittency for
flows with K > 0 and both reported a similar observation.
The results of the near-wall intermittency distributions indi-
cate that in order to match the correlation of Dhawan and
Narasimha (1958), the near-wall value of intermittency at
y/8 = 0.1 should be used instead of at y/8 = 0.2 suggested
by Mayle (1991). :

Conclusions

The effects of different criterion functions on the determi-
nation of intermittency were investigated for application in
heated transitional boundary layers with and without stream-
wise acceieration. Nine separate criterion functions were
investigated for the zero-pressure gradient baseline case and
three consiant K, accelerated cases. The criterion functions
were classified into two general categories: single signal
schemes. those based in U, V, and T, and correlation schemes,
those based on ur, c1. or ut. For the baseline case, criterion
functions based on the correlation schemes resulted in inter-
mittency vaiues 0.14 to 0.38 lower in the outer boundary layer
region (v/5* > 4.0) than the values found from the singie
signal schemes. Similar differences were found for the accel-
erated cases. No differences were found using the tempera-
ture based criterion function to support the use of a separate
thermal intermittency factor in accelerated flows.

Inherent differences exist between each criterion function’s
turbulence recognition capabilities. Each criterion function
weights different areas within a turbulent burst differently.
No differences were discernible between the abilities of each
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criterion function to separate the mean velocity; however, the
results of using single-signal schemes tended to underevalu-
ate the Reynolds stresses in the turbulent portion and
overevaluate them in the nonturbulent portion. A criterion
function based on Reynolds stress, (dur/d7)?, resulted in
the sharpest demarcation between turbulent and nonturbu-
lent portions of the flow. This criterion function also had a
negligible variation of threshold value throughout the transi-
tion region with the lowest uncertainty in determining the
threshold value and the lowest sensitivity of the resultant
intermittency to the variation of the threshold value. These
results indicate that using the Reynolds shear stress for
turbulent /nonturbulent discrimination in a heated transi-
tional boundary laver is superior to a single velocity or
temperature scheme. A criterion function based on the
streamwise velocity. (3U/d7)?, results in “near-wall” inter-
mittency values within 5 percent of the values obtained from
using (dur/37)* and may be easier to implement since only
a single-wire probe is required. However, this criterion func-
tion has a higher uncertainty in determining the threshold
value and has a higher sensitivity of the resultant intermit-
tency to the variation of the threshold value. In addition,
using the streamwise velocity may indicate the same overall
intermittency factor as the Reynolds shear stress but analysis
of the turbulent and nonturbulent portions would not always
yield the same results.

Peak values in intermittency for the early to midtransi-
tional regions were found to occur away from the wall at
approximately y/8 = 0.3 for the baseline case and three
accelerated cases. A distinctive near-wall minimum in inter-
mittency and a clear trend of increasing values of intermit-
tency toward the wall from this minimum were observed for
the accelerating flow cases. To match the universal intermit-
tency distribution of Dhawan and Narasimha (1958), the
values of intermittency at this near-wall minimum y/6 = 0.1
should be used as the representative “near-wall” values.

Using a digital time derivative is considered superior for
use as a criterion function to an ideal digital high-pass filter
since no significant differences are observed between the two
methods in determining the probability densities of a transi-
tional flow and the derivative requires less computational
time.
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INTERMITTENT FLOW AND THERMAL STRUCTURES OF ACCELERATING
TRANSITIONAL BOUNDARY LAYERS, PART 1: MEAN QUANTITIES

Ting Wang and F. Jeffrey Keller"

Department of Mechanical Engineering
- Clemson University
Clemson, South Carolina, U.S.A.

ABSTRACT

A conditional sampling technique was employed to separate
the wrbulent and non-turbulent parts of accelerated boundary layers
undergoing laminar-turbulent transition on a uniformly heated flat
plate. Tests were conducted with zero pressure gradient and two
levels of streamwise acceleration parameter: K=0.07 x10° and 0.16
x10-6

The conditionally sampled distribution of the skin friction
coefficients revealed that the values for C; in the non-turbulent and
turbulent portions significantly deviated from the respective
laminar and turbulent correlations. These deviations increased as
acceleration increased. Reconstructing the local average Cy values
using the laminar and fully turbulent correlations consistently
overestimated the unconditioned Cg values. Using the conditionally
sampled data for reconstructing C; values provided better results,
but does not necessarily result in the same unconditioned C¢ values.

The mean velocity profiles from the turbulent portions had the
appearance of a low-Reynolds-number wrbulent boundary layer
with a large wake region. In the late transition region, as
acceleration increased, the wake region in the turbulent portion was
suppressed relative to the unconditioned result. The integral
parameters, &*, 6, and shape factor, H were conditionally sampled
anc analyzed.

NOMENCLATURE

Ct - skin friction coefficient, T/ (p Uoe?/2)
P~Pref

R
2P e

H - shape factor, 5*/8

K - pressure gradient parameter, —a— i‘;‘:

02 «
Prer - Reference pressure at Station 1

FJ. Keller is currently working at Accuracy Microsensors, Inc.
Piusford, New York.

T - mean temperature

ug - friction velocity, +/tw/P

U - mean velocity

Ut - Uhg

X - coordinate in streamwise direction
Xs - at onset of transition

y - coordinate normal to the surface

Y* - yug/v

Greek

o - boundary layer thickness at 0.995 U
o - displacement thickness

&M - turbulent (or eddy) viscosity

r - intermittency factor

v - kinematic viscosity

] - momentum boundary layer thickness
P - density

Tw - shear stress on the wall

o - free-stream value

INTRODUCTION

A better understanding of momenmm and thermal transport
during the laminar-turbulent transition process is one of the key
factors toward improving the prediction of the thermal load on gas
turbine blades (Graham, 1979 and 1984, Mayle,1991). Transition
from laminar to turbulent boundary layer flow significantly
increases the local wall shear stresses and the convective heat
transfer rates. These increases must be appropriately factored into
the design of gas turbine blades, since as much as 50 to 80% of the
surface of a typical turbine blade is commonly covered by flow
undergoing transition (Turner,1971). A recent 4-part paper by
Halstead, et al. (1995) specifically pointed out, through rotating
multistage tests, the importance of laminar-turbulent transition in
axial compressors and turbines. In the newest heavy-frame
industrial H-type Advanced Gas Turbine Systems (Farmer and
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Fulton, 1995), adoption of closed-loop steam cooling eliminates
the need for conventiona! air film cooling in the first two stages;
therefore, correct prediction of the laminar-turbulent transition
becomes more essential. An unsatisfactory prediction of the
location and streamwise coverage of transition on gas turbine
blades can result in either reduced longevity and reliability of the
blade or reduced engine performance below design objectives. For
example, Graham (1979) shows that 2 56° C error in temperature
prediction can result in an order-of-magnitude decrement in vane
life.

One of the undeniable features in the laminar-turbulent
transition is the intermittent behavior between non-turbulent and
turbulent flows. Among many different transitional flow models,
the intermittency mode] (Dhawan and Narasimha, 1958) is always
physically more realistic than any other model, since the actual
transitional flow is intermittent. For the purpose of engineering
practice, statistical measurements of flow and thermal structures in
this intermittent heat flow play an important role in improving
understanding of fundamental aspects of flow mechanisms, as well
as contributing to the database and methodologies of prediction
models. In non-accelerated flows, Kuan and Wang (1990) and Kim
et al. (1994) have pointed out that the turbulent part of the
transitional flow is different from the fully-developed turbulent
flow, and the non-mrbulent part is not an extension of the upstream
laminar flow. Blair (1992) investigated the intermittent flow in
accelerating transitional boundary layers. He concluded that the
turbulence kinetic energy within the turbulent parts exceeded fully
* turbulent boundary layer levels. He also conducted spectral analysis
for the turbulent parts of flow and observed that the ratio of
dissipation to production increased through transition. Sohn et al.
(1989) analyzed conditionally-sampled transitional flow for
various FSTI cases and concluded that the transport processes
occurring in the turbulent spots will not be well modeled by
standard turbulence models used in equilibrium turbulent boundary
layers. Solomon. Walker, and Gostlelow (1995) incorporated the
linear-combination msthod with a calculation method that
continuously adjusts the spot growth parameters in response to the
changes in the local pressure gradient through transition. The
results showed reduced sensitivity to errors in predicting the onset
of transition. Therefors, providing the information regarding the
individual flow and thermal characteristics of the non-turbulent and
turbulent parts. respectively, of the transitional flows is
indispensable for the intermittency model, for example, the model
proposed by Steelant and Dick (1996), and the linear-combination
tntgeggal boundary layer method presented by Dey and Narasimha

1988). .

In gas turbine through-flows, the accelerated boundary layers
typically occur in the tranmsition pieces downstream of the
combustor, near the leading edge of the suction side of the blades,
and near the aftbody of the pressure side of the blades. The effects of
streamwise favorable pressure gradients on the flow and thermal
structures of unconditionally sampled transitional flow have been
reported by Keller and Wang (1996). This paper will present
conditionally sampled results of the same flows.

The objectives of this paper are (a) to investigate the
intermittent flow and thermal structures of the transitional
boundary layers (b) to study the effects of streamwise acceleration
on the intermittent behavior of these structures (c) to provide a
database for transitional flow modeling, and (d) to provide
information for future studies in elevated free-stream conditions
(Wang and Zhou, 1997).

EXPERIMENTAL PROGRAM

The detailed experimental facility, instrumentation, data
acquisition and experimental procedures have been documented by
Wang et al. (1992). Therefore, only a brief description of the
experimental program will be provided.

Wind Tunnel. The present study employed a 2-D, open circuit,
blowing-type wind tunnel, as shown in Fig. 1. The flow rate could
be adjusted from 0.5 to 35 m/s. The steadiness of the free-stream
velocity and temperature could be maintained, respectively, within
1% and°0.5 °C for a 24-hour period; the uniformity was within 0.7%
and 0.1°C.
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Fig. 1. Wind Tunnel Test Facility

Test Section. The rectangular test section was 0.15 m wide, 24
m long and 0.92 m high with an aspect ratio of 6. This large aspect
ratio reduced edge effects and ensured two-dimensionality of the
boundary layer flow in the center span of the test section. One of
the test section walls served as the test wall. The heat patch inside
the test wall was constructed of a serpentine heater foil sandwiched
between glass cloth and silicon rubber sheets. The surface
temperature was measured by 184 76-mm (3-mil) E-type
thermocouples embedded between the heater and the plexiglass
surface. Fourteen measuring holes were drilled along the center line
of the outer observation wall. Measurements were obtained by
traversing probes through the holes into the test section. The
spacing between the centerline thermocouples was 2.54 cm (1
inch), and the spacing between the measuring holes was 15.24 cm
(6 inches). Boundary layer suction was applied at the leading edge
of the test section.

The outer observation wall was manipulated to achieve constant-
K flows. Three different cases were conducted in the present study:
Baseline (K=0). K1 = 0.07x10°0 and K2 = 0.16x10°6. The
pressure coefficient distributions are shown in Fig. 2. The detailed
geometry of the test section was described in Kelier and Wang
(1996). .

Instrumentation and _Data Reduction. A single hot wire
and a three-wire sensor were used in this study. The single hot wire
was used to measure each station before using the 3-wire sensor.
Since the single wire can measure very close to the wall
(approximately Y*= 2), the results of the single wire were used to
guide the 3-wire sensor to locate the wall position (y=0) and to
determine the skin friction.

The three-wire sensor was specifically designed to
simultaneously measure the two velocity components and the




3
temperature. Basically, the three-wire sensor consisted of an X-
array of gold-plated tungsten wires for measuring velocities and a
1.2-um platinum wire for measuring temperature. The two X-wires
were operated in constant temperature mode. The 1.2-pum platinum
wire was operated at a very low current of 0.1 mA (cold wire) in the
constant current mode.

17 : :
— 16E | O Baseline O ]
3 F | @ K=007x10 qob
E 15| O k=016x10] 4O ' :
2 1af o e®o
- QQQQ..
13f an¥ ;
@
120 0880000000000
0.2 : : :
o-lg@aoooaooooc 1
®ece
-0.2F -4 o9 3
e Ono L JPIPY
O -04r O 7
0.6 DD
Y. DDD
085 0.5 1.5 2 2.5

x(m)

Fig 2. Free-stream velocity and corresponding Cp values for
each case.

A TSI Model IFA 100 Intelligent Flow Analyzer System was
used as a constant temperature anemometer. A DISA M20
temperature bridge was used for operating the cold wire in the
constant current mode. A 12-bit A/D data acquisition board and a
high-speed data acquisition software, STREAMER, were used to
acquire data. The sampling rate was 2 KHz, and the sampling
duration was 20 seconds. For more detailed description of the 3-wire
sensor, see Shome (1991) or Wang and Keller (1996).

DETERMINATION OF SKIN FRICTION

COEFFICIENT AND WALL POSITION

The skin friction coefficient, Cg, is an important parameter for
characterizing the boundary layers since it changes significantly
from laminar to turbulent through the transition region. Direct
measurement of Cs is difficult, expensive and time consuming, not
suitable for the heated wall, and may not be fast enough to sense the
instantaneous wall shear stress change of the turbulent spots.
However, with the information from the mean velocity profiles, the
following can be indirectly determined, based on the nature of the
boundary layer: :

« In the non-turbulent part, the mean velocity varies linearly
with distance from the wall in the near-wall region. The values
of AU/Ay from several mean velocity data points close to the
wall were measured by the single wire and used to approximate
the velocity gradient at the wall to calculate Cy.

¢ In the wrbulent part, the mean velocity gradient near the wall
is so large that the linear approximation of mean velocity
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Fig 3. Intermittency distributions through boundary layers.

gradient near the wall may lead to a large error. The Clauser
technique (Clauser, 1956) was used instead to estimate the

value of Cf and the wall position by the best fitting of U




falling within the log-linear region. Some subjectivity was
exercised 1o determine the "best fit,” since the slope of the
Jog-linear region varies as K changes.

CONDITIONAL SAMPLING TECHNIQUE

Conditional sampling consists of three primary stages: the
choice of a criterion function, the determination of a threshold
value, and the generation of an intermittency function. In
turbulent/non-turbulent discrimination, one commonly used
method for identifying 2 criterion function is to differentiate the
velocity signal with respect to time and square it, thus emphasizing
the high frequency components. As pointed out by Keller and
Wang (1995), performing the differentiation procedure was actually
equivalent to conducting a digital high pass filtering. They also
indicated that using the Reynolds shear stress, uv, as the criterion
function for turbulent/non-turbulent discrimination in a heated
transitional boundary layer is superior to the scheme of using
single velocity or temperature as the criterion function. They
indicated that using uv signals as the criterion function possesses
the following merits: (2) sharpness in demarcation between the
turbulent and non-turbulent portions of the flow, (b) small
variation of threshold values across the boundary layer and
throughout the transition region, (¢) low uncertainty in
determining the threshold values, and (d) low sensitivity of the
resultant intermittency to the uncertainty in choosing the threshold
value. Therefore, squares of the first derivatives of the uv signal
were used in this study as the criterion function.

From each data reading, the criterion function was compared 1o
the threshold value. If the value was larger than the threshold, the
reading was considered turbulent. If the value was less than the
threshold and the next three readings (i.e., hold time) were also less
than the threshold, the reading was considered nop-turbulent. The
value of the intermittency function was equal to 1 if the flow was
turbulent; the value was O if the flow was non-turbulent. The
intermittency distributions for each case are shown in Fig. 3. A
single intermittency value at about y/8 = 0.1 was selected as the
representative for each station. Keller and Wang (1995) has shown
that using near-wall intermittency values at about y/6 = 0.1 best
matches the universal intermittency distribution (Dhawan and
Narasimha, 1958) in streamwise direction. Representative velocity
signals are presented in the Appendix.

The threshold value was determined based on the cumulative
intermittency distribution curve originally introduced by Hedley
and Keffer (1974). An improved "dual-slope” method based on the
cumulative intermittency distribution curve was developed by Kuan
and Wang (1990). This curve represents the variation of the

integral of the probability density function (PDF) as the threshold -

value increases from zero. This method uses a graphical approach to
find the threshold value at each location. Based on this method,
two straight lines of different slopes are apparent most of the time
when the cumulative intermittency distribution is plotted on a
semi-log coordinate with the threshold value. The different slopes
are caused by the different characteristics of probability density
distributions for the turbulent and non-turbulent part, respectively.
A steeper slope represents the non-turbulent part. which indicates
smaller staridard deviation.The approximate threshold value is then
taken to be the value corresponding to the intersection of the
straight lines. Fine tuning can be made to make the overall
distribution of intermittency factors smooth. The reasoning behind
this method and the detailed analysis of using nine different
criterion functions for conditionally sampling the heated,
accelerating flows, were discussed by Keller and Wang(1995). It

should be noted that in the “real” gas wrbine environment, the flow
is highly disturbed by periodic wakes, a clear discrimination
between turbulent patches and non-turbulent parts becomes
difficult.

RESULTS AND DISCUSSION

The test conditions and the onset and end of transition are
shown in Table 1. The unconditionally sampled results were
previously analyzed by Keller and Wang (1996). The measurement
locations located in the transitional region for each case were
conditionally sampled. Flow and thermal strucrures of four stations
for the baseline case, four stations for the K1 case, and seven
stations for the K2 case were separated into turbulent and non-
turbulent parts.

Baseline  K1=0.07x10° K2=0.16x107°

“FTlarxg 0.5 04 04
Ueo (m/s) at
Stal (x = 18 cm) 12.24 12.68 12.20
x(cm) 68 107 115
Onset of Rey 550x10° 946x10° 103x 10°
transition Rege 1294 1322 1233
Reg 492 541 544
x(cm) 137 163 213
End of Rex 112x10° 157x10° 217x10°
transition Rege 1826 1874 1880
Reg 1302 1282 1235
x(cm) 69 61 98
Length of Rey 570x10° 624x10° 114x10°
transition Reg» 532 552 647
Reg 810 741 691

Table 1. Test Conditions for the Baseline (K=0) and Two
Accelerating Case

Skin-Friction Coefficient. The conditionally sampled
distributions of the Cg values for the baseline case and the
accelerating cases are shown in Fig. 4. The Cf values from the
original unconditioned results are included for comparison.

For the baseline case, the non-turbulent Cf values follow the
laminar correlation up through station 06 (I' = 0.50). Beyond this
mid-transition point, the non-turbulent C¢ values show progressive
deviation from the laminar correlation. For station 08 (I' = 0.98),
the last transitional station, the non-tusbulent Cr value exceeds the
laminar correlation by 65%. For the turbulent portion, a reverse
trend occurs. Significant deviation from the fully wrbulent
correlation is observed in the early transition regions and the Cf
value approaches the fully turbulent correlation as transition ends.
A similar observation was made by Kuan and Wang (1990) and Kim
et al. (1994) for the zero-pressure gradient flat plate case. Kuan and
Wang reported that the Cr values in the non-turbulent portion were
significantly greater than the laminar correlation throughout the
transition region, and Cf values in the turbulent part were
approximately 6% higher than the turbulent correlation. For the
accelerating cases K1 and K2, a similar trend is observed. The Cr
values follow the laminar values obtained from the STANS program
up through T = 0.37 for both cases and then begin to deviate. As
the K value increases, the deviation from the laminar values in the
late transition stage is not as large as is observed in the baseline
case. The Cs values for the turbulent portions deviate significantly
from the turbulent correlation in the early transition region and
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coefficient values by using the intermittency model with the
conditionally sampied experimental data versus the values from
laminar and fully-turbulent correlations. Data presentation
starts at station 3.

approach the turbulent correlation as the transition process
proceeds. Also shown in Fig. 4 are the results for reconstructing
the unconditioned Cg values using the local near-wall intermittency
with (a) the respective laminar and turbulent correlations and (b) the
conditionally sampled experimental data.

Using the laminar and turbulent correlations to obtain a local
overall Cg value, as is done in intermittency weighted transitional
flow analysis, consistently overestimates the experimentally
determined unconditioned Cg values. This result indicates that the
skin friction in the non-turbulent and turbulent portions do not
behave as a simple extension of laminar and fully turbulent flow,
respectively. Reconstructing total Cg using the conditionally
sampled experimental data provides better results than using the
fully turbulent and laminar correlations but does not necessarily
result in the original unconditioned Cf values. This is not
surprising since a single representative near-wall intermittency was
used in the reconstruction formula for each x-location while the
local I'(y) value, which varied with y, was used in separating the
velocity data. This result may indicate that a single near-wall
intermittency value may not adequately represent the characteristic
property for the transition region, and that the I'(y) variation may
play an important role. Regarding the issue of I'(y) variation,

Dhawan and Narasimha (1958) stated that although the T'(y)

variation was probably important to the detailed structure of the
turbulent motion associated with the spots, the near-wall value was
the characteristic property for the transition region. Nevertheless,
with the complexity involved in the transition flow, using a single
T at each x-location to represent the evolution of the transition
process is an important first step in transition modeling. If a single

I' is to be selected, Keller and Wang (1995) suggested the

intermittency value at y/8=0.1 would be appropriate. Other
opinions about the selection of a single representative
intermittency value were discussed by Professor M.W. Johnson in
Gostelow and Blunden's paper (1988).

Integral Parameters. A large uncertainty exists in
determining boundary layer thickness and integral parameters for
the conditionally sampled portions. For the early transition
region, low intermittencies provide very few turbulent values for
analysis. This results in a large scatter of the data. Similarly, in
the late transitdon region, high intermittencies provide very few
non-turbulent values for analysis. The largest uncertainty occurs in
the turbulent portions. As the edge of the boundary layer is
approached, the intermittency drops off rapidly, resuiting in fewer
turbulent readings. This results in a larger scatter in the velocity
profile in the outer boundary layer at the turbulent portion.
Therefore, determination of the boundary layer thickness,
displacement thickness, and momentum thickness is more
uncertain for the turbulent portion than for the non-turbulent
portion. The results for each of the three cases are shown in Fig. 5
through 7. For each case, the displacement thickness for the non-
turbulent portion exhibits little deviadon from the unconditioned
values. For the turbulent portion, 8" is consistently greater than
the unconditioned values. Evaluation of the momentum thickness
confirms that a higher momentum loss is associated with the
turbulent portion of the flow. As K increases, significant deviation
of these parameters, including the shape factor, from the
unconditioned dara occurs. This raises further questions about the
applicability of treating each portion in the boundary layer as an
extension of their respective laminar and fully turbulent
counterparts.

Mean Velocitly and Temperature Profiles. The
conditionally sampled velocity profiles for the baseline case are
shown in Figure 8. The velocity profiles for the non-turbulent part
follow the Blasius profile up through station 06. In the late
transition region, stations 07 through 08, the non-turbulent

profiles follow the viscous sublayer relation (U* = Y*) very well in

the inner boundary layer, up to approximately Y+ = 30, but deviate
from the Blasius profile in the outer layer. This deviation from the
Blasius profile apparently affects the wall shear and explains why
the Cr values increasingly deviate from the laminar correlation as
transition procesds. Kim et al. (1994) hypothesized that this
higher stress at the wall was due to disturbances in the nonturbulent
region as a result of the passage of turbulent spots. Transition at
the leading edge of a turbulent spot is abrupt; however, at the
trailing edge the flow slowly relaxes back to the non-turbulent
value through the calmed region. For a high intermittency,
turbulent spots pass frequently and the non-turbulent portion is
continually disturbed which results in higher velocity gradients
near the wall thus increasing the skin friction above the laminar
value. Another phenomenon, which is present in the non-turbulent
portion and may result in a higher skin friction, is the
amplification of sinusoidal oscillations. Both of these behaviors
are observed in instantaneous velocity traces, which exhibit the
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with a short linear-log region and a large wake region. However,
the turbulent profile of station 08 exhibits a depressed wake region.
A similar observation for the mean velocity profiles was made by
Kuan and Wang (1990), Kim et al. (1994), and Sohn and Reshotko
(1991).

The mean velocity profiles for the accelerating case K1 are
shown in Fig. 9 through 10. The resuits are similar to those
observed for the baseline case. The non-turbulent velocity profiles
follow the profiles obtained from the STANS program for the early

transition region, up through I' = 0.37. In the late transition
region, the non-turbulent profiles follow the STANS laminar
profile very well in the inner boundary layer, but deviate from the

. laminar profile in the outer layer. Standard k- turbulence model

with a cormrection of damping coefficient due to acceleration
(Launder and Spalding, 1974) is used in the STANS calculation. The
turbulent profiles also have the appearance of a low-Reynolds-
number turbulent boundary layer with a large wake region. In the
late transition region, as K increases, the non-turbulent portion
deviates more from the corresponding laminar profile, and the
turbulent portion moves more close to the fully-turbulent profile,
as can be seen by comparing station 9 in Fig. 9 and station 12 in
Fig. 10 both have the same intermittency factor, 0.82.

Conditional sampling of the mean temperature profiles were
difficult to present in T+ versus Y+ coordinates. As a turbulent spot
passes over the test surface, the surface temperature begins to
immediately change, but the thermocouples, embedded beneath the
test surfaces, were not able to respond to the fast passing turbulent
spots, which had a duration from 10 ms to 50 ms. Therefore, the
conditionally sampled mean temperature profiles are not presented
in this paper. However. the thermal structure in the boundary layer
will be presented in Part 2 of this paper.




CONCLUSION

A conditional samplins technique was employed to separate
the turbulent and non-turbuient parts of accelerated boundary ‘layers
undergoing laminar-turbulec* transition on a uniformly heated flat
plate. Tests were conducted with zero pressure gradient and two
levels of streamwise accelezztion: K = 0.07 x10 and 0.16 x10°6-
The results are summarized below.

e The values for C; in the pon-turbulent and turbulent portions
significantly deviate¢ from the respective laminar and
turbulent correlations.  These deviations reduced as
acceleration increased.

+  Reconstructing the loce® average C; values using the laminar
and fully wrbulent corr=iations consistently overestimated the
experimentally determi==d unconditioned C; values. Using the
conditionally sampled data for reconstructing Cy values
provided better results. dut does not necessarily result in the
same unconditioned C; vzlues.

«  The mean velocity profiiss from the turbulent portions had the
appearance of a low-Revnolds-number turbulent boundary layer
with a large wake region. In the late transition region, as
acceleration increased. the wake region in the turbulent
portion was suppressed relative to the unconditioned result.

o For each case, the displacement thickness for the non-
turbulent portion exbibited little deviation from the
unconditioned values. For the turbulent portion, the
displacement was consistently greater than the unconditioned
values.

o Evaluation of the condizionally sampled momentum thickness
confirmed that the higher loss of momentum in the transition
region than the corresponding laminar flow was a direct result
of the turbulent portion of the boundary layer.
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INTERMITTENT FLOW AND THERMAL STRUCTURES OF
ACCELERATING TRANSITIONAL BOUNDARY LAYERS,
PART 2: FLUCTUATION QUANTITIES
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ABSTRACT
The conditionally sampled fluctuation quantities of non-
accelerating and accelerating heated transitional boundary layers

were analyzed. The results indicated that the values of u', v', uv, and

ut in the turbulent part of the transitional flow were higher than
those values in the fully-developed turbulent flow. These higher
values were believed to be manifestations of the vigorous activities
involved in the transition process. The contributions to the
unconditioned w' by "mean-step” change due to the alternating
behavior between turbulent and non-turbulent flows are about 20%

in the near-wall region, but are negligible for Y* > 30. The

turbulent part uv values are higher than the fully turbulent and
unconditioned values in the inner boundary layer but lower in the
outer boundary layer. The mean-step change has negligible effect

on unconditioned uv values. As acceleration increases, both u' and
t' in the turbulent part are suppressed; however, turbulent part u’ is
still higher than the unconditioned u'. Acceleration promotes

streamwise Reynolds heat flux (;1-;) transport in both turbulent and

non-turbulent parts. A second peak of the turbulent part ut occurs at
around Y* = 120 as acceleration increases. The turbulent part eddy
viscosity values are much lower than those in the fully turbulent
flow.

NOMENCLATURE
Cp - specific heat

. V dUe
K -  pressure gradient parameter, ==

Uz &

q"w - wall heat flux ’
Re - Reynolds number
T -  instantaneous temperature

-
~
)

rms value of temperature fluctuations
,v/ - rms values of velocity fluctuations

’

-]

“F.J. Keller is currently working at Accuracy Microsensors, Inc.
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- friction velocity, -\/tw /p

ur
Ut - Ung
wv

v - Reynolds shear stress
l-l-t- - streamwise Reynolds heat flux
Y* - yugl/v
Greek
o - boundary layer thickness at 0.995 Ueo
Y - turbulent (or eddy) viscosity
r -  intermittency factor
v - kinematic viscosity
p - density
Tw - shear stress on the wall
Subscripts:
oo - free-stream value -
t - turbulent
nt - non-turbulent
INTRODUCTION

The results of Part 1 provided conditionally sampled mean values
in the turbulent and non-turbulent parts in the intermittent,
transitional boundary layers. Pant 2 will focus on the fluctuation
quantities. These fluctuation quantities provided information
regarding the production of turbulent kinetic energy, turbulent
shear stress transports, and turbulent heat flux transport, which are
necessary for modeling turbulence and verifying CFD results. The
instantaneous traces of velocity or turbulence shear stress can also
serve as an important database for verifying the results from direct
numerical analysis (DNS).

Blair (1992) employed an ensemble-averaging technique to
analyze the turbulent burst profiles of randomly passing turbulent
patches in accelerating boundaries with intense free-stream
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turbulence. He discovered that as much as one-half of the
streamwise-component unsteadiness, and much of the apparent
anistropy observed near the wall, was not produced by turbulence,
but by the steps in velocity between the turbulent and non-turbulent
zones of flow. His results regarding the turbulence Kinetic energy
indicated that the non-turbulent part preserved the characteristics of
a highly disturbed laminar boundary layer all the way through
transition.

The objectives of this paper are to provide a detailed analysis of
the conditionally sampled fluctuation quantities in heated
transitional boundary layers and investigate the effects of
streamwise acceleration on the development of these flucmation
quantities in the transition process.

RESULTS AND DISCUSSION

The effects of acceleration on the unconditioned flow and
thermal structures have been discussed by Keller and Wang (1996).
This paper will focus on the conditionally sampled results.

treamwise d ross-Stream Velocit

Fluctuations (u'_and Vv'). For the Reynolds normal stresses,
the unconditioned values obtained in the transitional boundary
layer are a combination of the non-turbulent and turbulent portions
plus the intermittent alternation between the non-turbulent and
turbulent mean values, as shown below.

u2=ru2 + 1-Du'g? + TA-TYU,- Un)2. Q)

The first term and second term on the right side of equation 1
can be directly obtained by conditional sampling and are termed
non-turbulent contribution and turbulent contribution,
respectively. The last term can be calculated from the conditionally
sampled data. It is commonly referred to as the “mean-step
contribution” and has been speculated as the cause of the peak
values of unconditioned u' found in the transitional boundary layer,
which exceed the peak values found in a fully turbulent boundary
layer (Schubauer and Klebanoff, 1956). The qualitative value of
this “mean-step contribution™ may be inferred by comparing the v’
values obtained in the non-turbulent and turbulent portions to the
unconditioned result. Note, as previously discussed, that the
intermittency drops off rapidly at the edge of the boundary layer
resulting in fewer turbulent readings. Too few points in this region
for the turbulent portion result in a large scatter in the data.
Therefore, if the intermittency in the outer boundary layer region of
turbulent portion dropped below 0.005 the data were omitted from
presentation. The conditionally sampled results of u' for the
baseline case are shown in Fig. 1. The non-turbulent portion

exhibits a peak intensity of 7.5% at Y+ = 35 (y/8* =1.3) for
station 05 (I = 0.05), which is slightly below the 8% peak value

for the unconditioned result which occurs at the same Y+ location.
The maximum value of u' in the turbulent part is 16% and is greater
than the 8% reached for the unconditioned result, as well as the 10%
value of the fully turbulent flow at station 13 for the same Y+
location. For station 06 (' = 0.50) the peak intensity for the non-
turbulent portion increases to0 9.5%. The peak magnitude for the
unconditioned result is 16% at this station and occurs closer to the
wall at Y+ = 15 (yIS* =0.3). The peak magnitude in u' for the
turbulent portion for station 06 increases to 18.5% and still
exceeds the unconditioned value. At station 6 in Fig. 1, the
individual contributions from turbulent, non-turbulent, and mean-
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Fig. 1 Conditionally sampled u' for the baseline case.
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Fig. 2 Conditionally sampled u' for the K1 case.

step change to the unconditioned u' in eq. 1 are 64%, 13%, and 23%
at the 3rd data point (Y* = 14.9); 73%, 23%, and 4% at the 6th
point (Y* = 26.8); 79%, 19%, and 2.2% at the 14th point (Y™ =
58.6). It is clear that the turbulent part is the major term. The non-
turbulent and mean-step change terms are minor terms that actually
pull down the turbulent part u' values. Therefore, the unconditioned
v’ values become lower than the turbulent part values. The
contribution from the mean-step change to (u')? is about 23% and
about 14% to u' value in the near wall region. This mean-step
contribution drastically reduces as Y* > 30.

In the late transition region, stations 07 through 08, the peak
intensity in the non-turbulent part continues to increase in
magnitude. At station 07 (I’ = 0.88) u’' in the trbulent portion is
slightly below the unconditioned result, indicating a contributior
from the mean-step alternation. For station 08 (I' = 0.98), the peak
intensity in w' for the non-turbulent portion exceeds both the
turbulent and unconditioned values near the wall. Kuan and Wang
(1990) observed a similar occurrence in the late transition region
and determined it was a direct result of large magnitude low
frequency unsteadiness (not turbulence) in the non-turbulent
intervals between the turbulent spots. Sohn et al. (1989) had 2
similar observation. The near-wall peak of turbulent portion
decreases in magnitude from station 07 to station 08. This decrease
of ' in the late transition region is most probably caused by the




effects of viscous dissipation. The conditionally sampled results of
u' indicate that large magnitudes observed in the transition region
are a direct result of the turbulent fluctuations in the turbulent
portion, and the mean-step contribution is not 2 major factor.
Similar observations were made by Kuan et al.(1989), Kim et al.
(1989), Sohn and Reshatko (1991), and Blair (1992). These results
suggest that the level of turbulent activity indicated by the
unconditioned values in the transitional boundary layer is not an
accurate measure of the true turbulent activity and that turbulence
models using fully turbulent boundary layers to model the transport
processes occurring in the turbulent spots require correction.

The conditionally sampled u' profiles for the accelerating cases
are shown in Figs. 2 and 3. An interesting difference occurs
between the non-turbulent portions of the accelerating cases and
the baseline case. For the baseline case, the peak magnitude of u' in

the non-turbulent portion increases from station 05 (I" = 0.05) up
through station 07 (T" = 0.88). For the K1 case, the peak magnitude
of u' in the non-turbulent portion increases from 8% at station 07
(T = 0.02) to 12.5% at station 08 (I" = 0.37) and then decreases to
10.5% by station 09 (" = 0.82). For the K2 case, the non-turbulent
u' peak magnitude increases from 7.5% at station 07 (T’ = 0.01, not
shown) to 13% at station 08 (I" = 0.07). The peak magnitude then
decreases to 12% at station 09, finally to about 9% at station 10 (T
= 0.37) and is maintained about 9% to 10% through station 13 (I" =
0.93). This evolution of the peak value of u' indicates that as K

increases, u' of the non-turbulent portion is suppressed at an earlier
stage. This is conmsistent with the results of Schubauer and

. Skramstad (1947) which showed a favorable pressure gradient

damps boundary layer non-turbulent oscillations in a pre-
transitional boundary layer and may also suggest that this damping
effect continues through the transition process.

The results for u' in the turbulent portions are similar to the
baseline case. The u' values are greater than the unconditioned
values in the early transition region through I' = 0.37 for both K1
and K2 cases. In the late transition region (I' > 0.6) the
unconditioned values of u' slightly exceed the values in the
turbulent portion in the near wall region indicating a mean-step
contribution. This is especially noticed for station 12 of the K2
case shown in Fig. 3. As with the baseline case, the level of
turbulent energy indicated by the turbulent portion in the
accelerating transitional boundary layer is very different from the
turbulence energy in the fully turbulent flow.

The conditionally sampled cross-stream fluctuations, v', for
the baseline case is shown in Fig. 4. There are two interesting
observations. For the non-turbulent portion, the peak of V'
increases from approximately 0.6% at station 05 (I = 0.05) to 1%

at station 06 (T" = 0.50) and finally to 2% at station 08 (I' = 0.98).
This increase in v' as the transition process develops is most likely
caused by the presence of amplified oscillations still present in the

boundary layer and by the relaxation period (calm region) after the -

passage of a turbulent spot, since part of the low-frequency
oscillations in the calm region is grouped into the non-turbulent
portions. For the turbulent portion, the v' magnitude reaches the
fully wrbulent value by station 06 (I' = 0.50). As transition
proceeds, the location of the peak magnitude migrates closer to the
wall but the absolute magnitude of the peak value changes very
little.

The conditionally sampled v' profiles for the accelerating
cases are shown in Figs. 5 and 6. The effect of increasing K on v' in
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Fig. 3 Conditionally sampled u' for the K2 case.

the non-turbulent portion is similar to the effect on u’ (ie., an
applied favorable pressure gradient suppresses the velocity
fluctuations in the non-turbulent portion and that this suppression
is greater and occurs earlier in the transition process as the pressure
gradient increases). The turbulent portion of v' for all three cases is
never exceeded by the unconditioned values. This is due to the

mean value of the cross-stream velocity, V, being near zero for
both the turbulent and non-turbulent portions. There is no
significant mean-step contribution.

Reynolds Shear Stress !E;). The recoastruction formula

for the Reynolds shear stress is given as:

W=Tave +1-Duv + A=) O - Ta) Ve - V) 2

Since the results from v' indicate the mean-step between Vt and

V pt is almost null, the last term of equation 2 is not expected to
have a significant contribution on the overall Reynolds shear
stress. The evolution of the conditionally sampled Reynolds shear

stress, uv, for the baseline case is shown in Fig. 7.

The non-turbulent contribution to the shear stress throughout
the transition region is relatively small. This shows the weak
correlation between the streamwise and cross-stream velocity
fluctuations in the non-turbulent portions. The mrbulent portion
immediately increases above the wall shear and above the
unconditioned result, obtaining a magnitude nearly three times the
wall shear at station 05 (' = 0.05). The peak magnitude remains at
about three times the wall shear at station 06 " = 0.50) and then

begins to decay, reaching a value of 1 by station 08 (I’ = 0.98).
This evolution of the turbulent shear indicates that the
unconditioned values are not representative of the true turbulent
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shear through the transition process. To provide additional insight
into the turbulent shear, the results for the baseline case are
replotted in Fig. 8 but are normalized by the individual Cf values
obtained for each portion (i.e., the turbulent and non-turbulent
values shown in Fig. 4 of Part 1). By presenting the Reynolds
shear stress in this manner, the peak magnitudes in the turbulent

portion are significantly reduced. The peak magnitudes of uv in
the turbulent portion for stations 05 through 07 still exceed the
wall shear but not by the magnitude previously seen in Fig. 7. For

station 06 (I' = 0.50), uv in the turbulent portion reaches a

maximum of approximately 1.4 and occurs at Y+ = 100, not at Y*
= 40 shown by the unconditioned portion. The trend of the
Reynolds shear distribution in the turbulent portion for station 07
is similar to that observed in station 06 even though the

unconditioned values are not similar. Note that the uv/(Uz)? values
in the turbulent portion at station 7 in Fig. 8 become lower than the
unconditioned values because the Cf values used in the turbulent
portion in Fig. 8 are much higher than the unconditioned Cf values

used in Fig. 7. For station 07 (I' = 0.88) the peak of uv in the
turbulent portion is 1.3 times greater than the wall shear. This
supports the statement that the turbulent shear is generated within
the turbulent portion of the flow and away from the wall at
approximately Y*+=70-100 and that the higher turbulent shear away
from the wall is not due to the mean-step contribution.

Fig. 7 provides information of the absolute magnritude

difference of uv between non-turbulent and turbulent parts since 2
constant value of Ugis used for all three parts. Fig. 8 provides

information of normalized uv valves relative to the shear wall
shear stress of each part respectively. Both presentation methods
are informative and provide physical insights to the evolution of
turbulence transports in the transition process. However, limited
by the paper length, only the second normalization method is used
for the accelerating cases in this paper. The complete data
presentation can be found in Keller's dissertation (1993).

Selected conditionally sampled results of the Reynolds shear
stress for the accelerating cases normalized by the respective Ct
values of each portion are shown in Figs. 9 and 10. For the K2 case

(Fig. 10), comparison of uv between the unconditioned and

turbulent portions between station 10 (I'=0.37) and 11 (T =0.62)
reveals that the distribution of turbulent._shear is more uniform
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baseline case (normalized by individual Ct of each portion).
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Fig. 10 Conditionally sampled Reynolds shear stress for the
K2 case (normalized by individual Cy of each portion).

through the inner boundary layer for the turbulent portion than the
unconditioned resuit. For example, in the inner boundary layer at
station 10 (T = 0.37) uv for the unconditioned data reaches 2
maximum value at Y* = 60 and quickly decreases in magnitude as
the wall is approacted, while uv in the wrbulent portion remains
at a relatively constant value. In the outer boundary layer, for Y* >
50, uv for the unconditioned data rapidly decreases to a zero
magnitude by Y+ = 200, whereas for the turbulent portion, uv
slowly decays in magnitude in the outer boundary layer. This
difference is partlv caused by the engulfing of the intermittent
irrotational flow from the free stream. As transition progresses,
these differences become less pronounced and uv for the
unconditioned dzta and the turbulent portion are nearly
indistinguishable by station 13.

uctuations (t'). The conditionally
sampled RMS temperature profiles, normalized by Tw-T oo for the
baseline case are shown in Fig. 11 The profiles are similar to those
observed in the u' profiles shown in Fig. 1. The non-turbulent
portion exhibits a peak intensity of 0.045 at Y* = 35 (/8"
=1.3) at station 05 (' = 0.05) which is slightly below the 0.05
peak value for the unconditioned result which occurs at the same Y+
location. For station 06 (I" = 0.50) the peak intensity for the non-
turbulent portion increases to 0.075 and remains at Y* = 35. The
peak magnitude for the unconditioned result is 0.12 at this station
and occurs closer to the wall Y* = 15 (y/8” =0.3). In the late
transition region, stations 07 through 08, the peak intensity in the
non-turbulent part continues to increase in magnitude but does not
migrate closer to the wall undl station 08. For station 08 (I' =
0.98), the peak intensity in t', similar to the result of u for the
non-turbulent portion, exceeds both the turbulent and
unconditioned values near the wall. This can be contributed by the
unsteadiness (not tmrbulence) of the highly-disturbed non-turbulent
portion. For station 05 (I' = 0.05), the maximum value of t' in the
turbulent part reaches 0.10 which is greater than the 0.05 reached in
the unconditioned part for the same Y™ location. For station 06 (T’
= 0.50), the peak magnitude in ¢ for the turbulent portion increases
to 0.15 at Y* = 15 (y/8" =0.3) and still exceeds the

unconditioned value. At station 07 (I' = 0.88) t' in the turbulent
portion for Y* < 40 is slightly below the unconditioned result; this
indicates a contribution from the step alternation in mean
temperature. The near-wall peak of turbulent portion decreases in
magnitude from station 07 to station 08. The secondary peak that
was seen to occur at Y* = 200 for the unconditioned result also
occurs in both the non-turbulent and turbulent portions. This
indicates that this second peak is not majorly caused by the mean-
step contribution but rather is a direct result of the temperature
fluctuation.

The conditionally sampled ¢’ profiles for the accelerating cases
are shown in Figs. 12 and 13. The effect of a favorable pressure
gradient is seen to be most significant in the non-turbulent
portion. For the K2 case, the broad peak in the t' profiles for the
non-turbulent porton occurring at Y+ = 40 for station 09,
continually increases in magnitude. At station (I' = 0.62), the peak

intensity in t' occurs 2t Y+ = 100 and is approximately the same
magnitude as both the turbulent and the unconditioned value. By

station 13 (I" = 0.93) the peak intensity in t' for this region is
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Fig. 11 Conditionally sampled RMS temperature for the
baseline case.
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Fig. 13 Conditonally sampled RMS temperature for the
K2 case.

greater than both the turbulent part and the unconditioned values.
This behavior did not occur in the corresponding u' profiles where
the fluctuations in the non-turbulent portion never exceeded the
unconditioned or the wrbulent part values in the K2 case. The exact
reason for this phenomenon is not clear. Probably, this difference
is caused by the fact that pressure gradients directly interact with
the momentum transport but not with the thermal transport.

Reynolds Heat Fluxes (Efl. The conditionally sampled

streamwise Reynolds heat flux, ut, for the baseline case is shown
in Fig. 14. The peak intensity in the non-turbulent portion occurs
at the same cross-stream location as was observed in the t' profiles.
At station 05 (' = 0.05) the magnitude of the peak intensity is
approximately 3.5. By station 06 (T = 0.50) this peak intensity in
uv increases to 7.0 and maintains this level until station 08 T=

0.98). For the turbulent portion, ut exceeds the wall heat flux by
more than a factor of 15 at station 05. By station 06 (I' = 0.50)
this value has increased to over 20. The large values of convective

heat transfer in the streamwise direction, ut, are a result of the
turbulent transport within the turbulent portions.

The conditionally sampled results of ut for the accelerating
cases are shown in Figs 15 and 16. The results indicate that the
effect of a favorable pressure gradient is to increase the convective

heat transfer in the streamwise direction, ut, in both the turbulent
and non-turbulent portions relative to the baseline case. The

presence of a relatively large ut value in the non-turbulent portion
does not necessarily indicate that a significant turbulent transport
of heat is occurring but only that u and t are correlated due to the
unsteadiness of the flow. A second peak around Y*= 12.0 appears
downstream of station 11. The reason for this second peak in
accelerating flow is not clear. The results of the cross-stream

Reynolds heat flux, vt, are not presented here due to a large

uncertainty in vt measurements, as discussed by Wang et al.
(1992).

Eddy Viscosity, €y The results of the conditionally sampled

eddy viscosity, &y, normalized by the molecular viscosity are
shown in Figs. 17 and 18. For the baseline case, the values
obtained in the turbulent portion are larger than the unconditioned
values but are significantly below the fully turbulent values
obtained at station 13 (see Fig. 17). As K increases, both the

turbulent part and the unconditioned &), values decrease.

CONCLUSION

A conditional sampling technique was employed to analyze the
fluctuation quantities in the turbulent and non-turbulent paris of
accelerated boundary layers undergoing laminar-turbulent transition
on a uniformly heated flat plate. The results indicated that the
increased magnitudes of the unconditionally sampled v’ and t' were
discovered to be a direct result of the fluctuations in the turbuient
portions. The "mean-step” contribution to v' due to the alternating
behavior between turbulent and non-turbulent flows were about 20%
in the near-wall region but were negligible for Y* > 30. The peak
intensity of v’ and t' in the non-turbulent portion was suppressed at
an earlier stage, as acceleration increased. The peak magnitude of
uv in the turbulent parts of the accelerating cases exceeded the wall
shear but not by the magnitude seen in the baseline case. The
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Fig. 18 Conditionally smapled eddy viscosity for the K1 case.

turbulent part uv values were higher than the fully turbulent and
unconditioned values in the inner boundary layer but lower in the
outer boundary layer. The "mean-step” contribution to

unconditioned uv values was negligible. As acceleration

increased, uv in the turbulent portion was more uniformly
distributed through the inner boundary layer than the unconditioned
results.

In accelerating cases, the peak of v’ of the turbulent portion
reached the fully turbulent value in the middle of the transition at I" -

= 0.5 and changed little downstream. The effect of acceleration on
non-turbulent portion v’ is similar to non-mrbulent portion u'. The
unconditionally sampled RMS temperature fluctuations, t', exceeded
both the turbulent and non-turbulent values throughout most of the
boundary layer. This indicated that a mean-step contribution to the
large unconditioned t' values was not negligible. The effect of
acceleration on t' was seen to be most significant in the non-

turbulent portion. The streamwise Reynolds heat flux transport, ut,
increased as acceleration increased in both wurbulent 2nd non-




turbulent portions of the boundary layers. A second peak of ut of
the turbulent part at around y* =120 appeared as K increased.

For the baseline case, the values of eddy viscosity, obtained in
the turbulent portion were larger than the unconditionally sampled

" values and were significantly below the fully turbulent values.
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ABSTRACT Re = Reynolds number =110 XV

In the elevated free-stream turbulence intensity (FSTI) t = instantaneous temperature fluctuation or time
condition, the laminar flow is highly disturbed. The stage of t = ms value of t
linear-instability amplification triggered by infinitesimal T
disturbances is bypassed. The nonlinear instablility, T = mean temperaure . .- = "
triggered by finite-amplitude disturbance, dominates in the T"’:mc_san temperature in wall units,(Ty,-T)PCHU*/q"w
bypass transition. Due to the highly disturbed condition in u, v = instantaneous streamwise and cross-stream
the laminar part, the turbulent and non-turbulent parts of the velocity fluctuations, m/s
transitional flow become difficult to discern. Because of v, v' = rms values of u and v, m/s
this, the conventional conditional sampling technique uv* = Yulp , friction velocity, m/s
encounters difﬁcn.xlty and large uncertainty. A modified U = mean streamwise velocity, m/s
method using a single slope on the turbulent part of the P
accumulative probability diagram to determine the threshold Ut=U/u
was made. This modified method was convenient to apply x = streamwise distance from leading edge, m
and was theoretically verified. Use of the turbulence y = distance away from the wall, mm
transport behavior, uv, as the criterion function was found Yt = yuriv -
superior to the use of the turbulence energy, u', for & = boundary layer thickness at U =0.9950
separating the turbulent and non-turbulent signals in T = intermittency
elevated FSTI conditions. The conditionally sampled results o o ——r—
for FSTI ranging from 0.5% to 6.4% indicate that u,’ V', t A = integral length scale, U uu(t+1)/ vidt ()
and ut are high in the non-turbulent part._'_I'__his is contrary to v = kinematic viscosity, m2/s
the low FSTI cases; whareas, uv and vt are low in the p = density, kg/m3
non-turbulent part, which is similar to the low FSTI cases. 1 = shear stress, N/m2

Subscripts
NOMENCLATURE w = at the wall
C¢ = skin-friction coefficient, ‘tw/(pL'a,ZIZ) oo = in the free stream
¢, = specific heat, J/kg-K
F%TI : free-stream tufbulerice intensity INTRODUCTION
A better understanding of momentum and thermal

q" = heat flux, w/m?

1 Copyright © 1997 by ASME




transport during the laminar-turbulent transition process is
one of the key factors toward improving the prediction of
the thermal load on gas turbine blades (Graham, 1979 and
1984, Mayle,1991). Transition from laminar to turbulent
boundary layer flow significantly increases the local wall
shear stresses and the convective heat transfer rates. These
increases must be appropriately factored into the design of

gas turbine blades, since as much as 50% to 80% of the
surface of a typical turbine blade is commonly covered by
flow undergoing tramsition. A recent 4-part paper by
Halstead, et al. (1995) specifically pointed out the
importance of laminar-turbulent transition in axial
compressors and turbines from rotating multistage tests. In
the newest heavy-frame industrial H-type Advanced Gas
Turbine Systems (Farmer and Fulton, 1995), the adoption
of closed-loop steam cooling eliminates the need for
conventional air film cooling in the first two stages;
therefore, correct prediction of the laminar-turbulent
transition becomes more essential. An unsatisfactory
prediction of the location and streamwise coverage of
transition on gas turbine blades can result in either reduced
longevity and reliability of the blade or reduced engine
performance below design objectives. For example, Graham
(1979) shows that a 56° C error in temperature prediction
can result in an order-of-magnitude decrement in vane life.

In gas turbine environments, one of the most important
factors affecting the transition process is the elevated free-
stream turbulence intensity (FSTI). In the compressors, the
FSTI varies from 2% to 4%. In the inlet of turbines,
disturbances from the upstream combustors may cause
background FSTI ranging from 2 % to.10%. In addition,
very high FSTI ranging from 10% to 20% is imposed
periodically on the blades by the wakes following the
trailing edges of the vanes. This elevated FSTI expedites
the onset of transition and shortens the length of transition.
Unlike numerous fundamental studies in the low FSTI flow,
detailed flow structures involved in the transition from the
laminar to turbulent flow in elevated FSTI environments
have yet to be investigated. The conventionally-recognized
Emmon's turbulent spot hairpin vortices, and K breakdown
may not exist in the elevated FSTI conditions; rather, some
kind of turbulent wave packets have been observed
intermittently passing in the disturbed laminar boundary
layer.

For the purpose of engineering practice, statistical
measurements of flow and thermal structures play an
important role in improving the understanding of certain
fundamental aspects of flow mechanisms, as well as
contributing to the prediction models. One of the undeniable
features in the laminar-turbulent transition in a low free-
stream turbulence flow is the intermittent behavior between
laminar and turbulent flows. This intermittent behavior also

appears in the boundary layer at elevated free-stream
turbulence, although the delineation between the disturbed
laminar (or non-turbulent) and the turbulent part become
vague. Among many different transitional flow models for
predicting the skin-friction coefficients, surface heat transfer
rate, and end of transition, the intermittency model is always
physically more realistic than any other models, since the
actual transitional flow is intermittent.

In the low FSTI flows, Kuan and Wang (1990) and
Kim et al. (1994) have pointed out that the non-turbulent
part of the transitional flow is different from the fully-
developed turbulent flow, and the non-turbulent part is not
an extension of the upstream laminar flow. Sohn et al.
(1989) analyzed conditionally sampled results for 1% FSTI
cases and concluded that the transport processes occurring in
the turbulent spots will not be well modeled by standard
turbulence models used in equilibrium turbulent boundary
layers (Blair 1992). Therefore, linear combination of the
laminar and fully-developed turbulent flow characteristics
using the intermittency function may not be appropriate. It
is postulated that a similar situation occurs in the elevated
FSTI conditions. This motivates the present study to apply
a conditional sampling technique to obtain the statistical
features of the non-turbulent and turbulent part flow
respectively in the transitional flow under elevated FSTI
conditions from 3% to 6.4%. Since the laminar part is
highly disturbed, demarcation between the non-turbulent and
turbulent parts becomes difficult. This paper will especially
address this issue. The results of this paper are expected to
contribute to the improved understanding of intermittent
behavior during bypass transition and to provide a database
for the bypass transition models, for example, by Steelant
and Dick (1996).

EXPERIMENTAL PROGRAM

The detailed experimental facility, instrumentation, data
acquisition and reduction, and experimental procedures have
been documented in Wang et al. (1992). Therefore, only a
brief description of the experimental program will be
provided.

Wind Tunnel. The present study employed a 2-D, open
circuit, blowing-type wind tunnel. The flow rate could be
adjusted from 0.5 to 35 m/s. The steadiness of the free-

stream velocity and temperature could be maintained,
respectively, within 1% and 0.5 °C for a 24-hour period; the

uniformity was within 0.7% and 0.1°C

Test Section. The rectangular test section was 0.15 m
wide, 2.4 m long, and 0.92 m high with an aspect ratio of
6. This large aspect ratio reduced edge effects and ensured
two-dimensionality of the boundary layer flow in the center




span of the test section. One of the test section walls served
as the test wall. The heat patch inside the test wall was
constructed of a serpentine heater foil sandwiched between
glass cloth and silicon rubber sheets. The surface
temperature was measured by 184 76-um (3-mil) E-type
thermocouples. Fourteen measuring holes were drilled along
the outer observation wall centerline in the test section, and
measurements were obtained by traversing probes through
the holes into the test section. The spacing between the
centerline thermocouples was 2.54 cm (1 inch), and the
spacing between the measuring holes was 15.24 cm (6
inches). Boundary layer suction was applied at the leading
edge of the test section.

: i i .The
background FSTI of the wind tunnel was about 0.5%. The
higher turbulence levels from 3.8% to 6.4% in this study
were generated by inserting various turbulence-generating
grids into the wind tunnel. The test conditions are listed in
table 1.

Table 1. Test Conditions at the Onset of

Transition.
Cases FSTI (%) | U_(m/s) A(c/m)
Baseline 0.5 13.0 1.8
Gl 3.8 2.10 2.2
G2 5.6 1.75 3
G3 6.4 1.70 3.4

Detailed information about the free-stream flow
characteristics, including isotropy and power spectra, has
been documented by Zhou (1993) and Zhou and Wang
(1995), but is not repeated here.

j jon. A three-wire
sensor were specifically designed to simultaneously measure
the two velocities, the cross-stream velocity components,
and the temperature. The development and qualification of
this three-wire sensor was described by Shome (1991). The
difficulties obtaining measurements encountered in elevated
FSTI flows and the solutions to these difficulties were
previously discussed by Zhou and Wang (1995) and are
briefly described below.

Basically, the three-wire sensor consisted of an X-array
of gold-plated tungsten wires for measuring velocities and a
1.2-um platinum wire for measuring temperature. The two
X-wires were operated in constant temperature mode. The
method of Chua and Antonia (1990) was used for correcting
temperature contamination of the hot wires.

The 1.2-um platinum wire was operated at a very low
current of 0.1 mA (cold wire) in the constant current mode.

In order to sufficiently extend the length of transition for
detailed measurements on the test wall, extremely low-speed
flows down to 1.7 m/s, were provided for the elevated FSTI
cases. At this low speed, relatively low overheat ratios for
the X-wires were required to minimize the "cross-talk”
between the X-wires and the temperature sensor. This
“cross-talk” was primarily caused by the fluctuating
radiation emanating from the hot wires to the cold wires.
The X-wires generally had better velocity sensitivity at
higher overheat ratios. As a compromise, an overheat ratio
of about 1.2 was chosen for the X-wires, which made the
reading error of the temperature wire caused by the adjacent
hot wires negligible. The overheat ratio of 1.2 was obtained
by gradually reducing the overheat ratio from 1.6 to a value
at which the cold wire reading did not vary even when the
hot wires were switched on and off.

At low free-stream velocities, it was found that if the

flow direction deviates by a small angle from +45° to the
X-wires, a significant change in the results for the Reynolds
shear stress (av) and the cross-stream Reynolds heat flux
(vt) would occur. A typical flow angle of 10 canresultina
15% error in the v and vt measurements at a free-stream
velocity of 2 m/s. This small flow angle, which can be
found by assuming that the mean cross-stream velocity (V)
is zero in the free stream, was added to the data reduction
process. The frequency response of the platinum wire was
tested to be from 4000 to 6000 Hz for a velocity range of 2
to 15 m/s. Therefore, frequency compensation was deemed
unnecessary. The detailed frequency response test procedure
and qualification were discussed in Keller (1993).

A single hot wire was used to measure each station
before using the 3-wire sensor. Since the single wire can
measure very close to the wall, (Y+=2). The results of the
single wire were used to guide the 3-wire sensor to locate
wall position (Y*=0).

A TSI Model IFA 100 Intefligent Flow Analyzer
System was used as a constant temperature anemometer. A
DISA M20 temperature bridge was used for operating the
cold wire in the constant current mode. A 12-bit A/D data
acquisition board and a high-speed data acquisition software,
STREAMER, were used to acquire data. The sampling rate
was 2 KHz, and the sampling duration was 20 seconds.

DETERMINATION OF SKIN FRICTION
COEFFICIENT AND WALL POSITION

The skin friction coefficient Cf is an important
parameter for characterizing the boundary layers since it
changes significantly from laminar to turbulent through the
transition region. Direct measurement of Cf is difficult.
expensive, time consuming, and not suitable for the heated
wall. However, with the information of the mean velocity




profiles, it can be indirectly determined based on the nature

of the boundary layer:

« In the laminar boundary layer region, the mean velocity
varies linearly with distance from the wall in the near-
wall region. The value of AU/Ay from several mean
velocity data points close to the wall, measured by a
single wire, was used to approximate the velocity
gradient at the wall to caiculate Cf. The wall position

(y=0) was determined by the best fitting of U™ falling
within the linear region (Ut = Y¥).

 In the transitional boundary layer region, the near-wall
linear velocity profile was assumed valid. The same
method applied in the laminar region was used to find
the Cg values and wall positions.

o In the turbulent boundary layer region, the mean
velocity gradient near the wall is so large that the linear
approximation of mean velocity gradient near the wall
may lead to a large error. The Clauser technique
(Clauser, 1956) was used instead to estimate the value

of Cg and the wall position by the best fitting of Ut
falling within the log-linear region.

"CONDITIONAL SAMPLING TECHNIQUE
Conditional sampling consists of three primary stages:
the choice of a criterion function, the determination of a
threshold value, and the generation of an intermittency
function. In trbulent/non-turbulent discrimination, one
commonly used method of identifying a criterion function is
to differentiate the velocity signal with respect to time and
square it, which emphasized the high frequency components.
As pointed out by Keller and Wang (1995), performing the
differentiation procedure was actually conducting a digital
high path filtering. They also indicated that using the
instantaneons Reynolds shear stress, uv, as the criterion
function for turbulent/non-turbulent discrimination in a
beated transitional boundary layer is superior to the scheme
of using single velocity or temperature as the criterion
function. They indicated that using uv signals as the
criterion function possesses the following merits: (a)
sharpness in demarcation between the turbulent and non-
turbulent portions of the flow, (b) small variation of
threshold values across the boundary layer and throughout
the transition region, (c) low uncertainty in determining the
threshold values, and (d) low sensitivity of the resulted
intermittency to the uncertainty in choosing the threshold
value. Therefore, squares of the first derivatives of the uv
signal were used in this study as the criterion function.
From each data reading, the criterion function was compared
to the threshold value. If the value was larger than the
threshold, the reading was considerable turbulent. If the

o yB w04
B g all
a 8 a9

000 oLs o0 o1s 00 025 030 033 040 04s . 030!
Thweshold !

Fig. 1a. Threshold Value Determined by the Dual-
Slope Method for Cases with Two Distinctive Slopes
on the Cumulative Intermittency Distribution Diagram

value was less than the threshold and the next three readings
(i.e., bold time) were also less than the threshold, the
reading was considered non-turbulent. The value of the
intermiuency function was equal to 1 if the flow was
turbulent; the valoe was 0 if the flow was non-turbulent.
The threshold value was determined based on the cumulative
intermittency distribution curve originally introduced by
Hedley and Keffer (1974). An improved "dual-slope™ method
based on the cumulative intermittency distribution curve
was developed by Kuan and Wang (1990). This curve
represents the variation of the integral of the probability
density function (PDF) as the threshold value increases from
zero. This method uses a graphical approach to find the
threshold value at each location. Based on this method, two
straight lines of different slopes are apparent most of the
time when the cumulative intermittency distribution is
plotted on a semi-log coordinate with the threshold value.
The different siopes are caused by the different characteristics
of probablility density distributions for the turbulent and
non-turbulent part, respectively. A steeper slope represents
the non-turbulent part, which indicated smaller standard
deviation. The approximate threshold value is then taken to
be the value corresponding to the intersection of the straight
lines (Fig.la). The reasoning behind this method was
discussed by Keller and Wang (1995). One disadvantage of
this method is that sometimes the straight line of the
cumulative intermittency distribution curve corresponding to
the non-wrbulent portion is not apparent. This happens
particularly in the late transition region in a low FSTI flow
because of the large intermittent factor and in the high FSTI
flows stdied in this paper and the elevated disturbances in
the non-turbulent part of the flow. In this study, a modified
method was used to determine the threshold value by only
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Fig. 1b. Threshold Value Determined by the Modified
Method for Elevated FST1 Cases with Only One
Distinctive Slope

using the slope of the turbulent portion of the cumulative
intermittency distribution and is explained below.

When the non-turbulent part of the transition flow is
highly disturbed, the cumulative intermittency curve in Fig.
1a becomes nonlinear as shown in Fig. 1b and a straight
line cannot be easily drawn. From this observation, one
might expect that the intermittent factor in the transition
region could be obtained only by investigating the straight
line corresponding to the turbulent portion. Based on the
experimental data of the present study, the PDF of the
criterion fanction for the turbulent flow is close to
(1/A)e-S'A, where "s" is the criterion function and "A” is
propotional to the standard derivation. For an intermittent
flow, PDF can be expressed as:

p(s) =(1-T)Pnt(s) + I‘G{e-sl A) (o))

where pp,(s) is the PDF for non-turbulent region and I is
the intermittent factor. The cumulative probability PDF
then can be obtained as:

P(s)= (1~ PoSyds+ Tk f e Ay @
The fluctuations of the criteria function in the non-turbulent
region are much smaller than those in the turbulent region

since the high frequency components have been emphasized
after the orginal signal was differentiated. Therefore, for a

large value of s, Lpnt(s)ds is very close to 1, but

‘e
Le Ads ;¢ still a strong function of s. Equation (2) can
be approximated for large values of s as:

Signals

Pis)=(1-D+T & ] "es/Ads)
Ao

P(s)=1-Te¥A

1-P(s)=TesA

In(1-P)=1n'-s/A (3)

1-P(s) is the cumulative intermittency function. Based on
equation (3), the cumulative intermittency function plotted
as In(1-P(s)) vs. s is a straight line for a large value of s.
The intercept of this with the vertical axis is the
intermittent factor. Once the intermittency is determined, the
threshold value is obtained as shown in Fig.1b.Therefore,
using a single slope in the large value region of he criterion
function to find an appropriate threshold value is justified
and is convenient for the sitsation when no two distinctive
slopes can be found, as in the present study of the elevated
FSTI flows.

Note that one assumption made during the derivation is
that the fluctions of the criterion function in the non-
turbulent portion are smaller than those in the turbulent
portion. In elevated FSTI flows, the non-turbulent portion
of the streamwise velocity fluctuations are disturbed so the
high-frequency unsteadiness in the non-turbulent part cannot
be easily seperated from the turbulent in the turbulent
portion. However, the Reynolds shear stress (uv), which
indicated the physical turbulence transport, is much better
than u, which is related to the wurbulence energy, in
demarcating the difference between turbulent and non-
wurbulent parts of the flow, as can be seen in Fig.2.
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Fig 2a. Representative Instantaneous Signals of u and
(av) in a Transitional Boundary Layer with FSTI=6.4%.

RESULTS AND DISCUSSION

Analysis has been performed for cases with FSTI of 3.8%,
5.5% and 6.4%, respectively at the omset of transition.
Limited to the paper length, only the G3 case (6.4%) is
presented in this paper. The baseline case used for
comparsion is documented in Wang et al.(1996). The
unconditionally sampled results of the present study were
reported in detail in Zhou and Wang (1995). These above
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Fig.2b. An Example of the Criterion Function
[d( uv)/d'x:]2 and Intermittency Functions

two papers will be helpful for analyzing the results of the
present paper. The conditionally sampled results for FSTI
cases of 3.8% and 5.5% were reported by Zhou (1993).

The profiles of the intermittency factor I'(y) across the
boundary layer at different streamwise locations for the G3
case are shown in Fig. 3. The intermittency factor data
directly obtained are relatively scattered for the high FSTI
case. Therefore a smoothing scheme using a moving average
of five data points was employed. Only the smoothed results
are presented in Fig. 3.

As shown in Fig. 3, the intermittency factor drops near
the wall y/8 < 0.1 even in the turbulent station. This trend
is different from the baseline case where a region of constant
intermittency factor in the near-wall region was observed
(Keller and Wang, 1995). This near-wall reduction of
intermittency is different from the intermittenCy factor
decrease in the outer boundary layer region. The reduction of
T in the outer boundary layer is caused by the entrainment
of the irrotational flow from the free stream. The
intermittency factor reduction near the wall may be caused
by the low Reynolds number effect in high FSTI cases.
Recall that the elevated FSTI cases were conducted with low
free-stream velocities in order to obtain sufficient
transitional region in the test section. For the low Reynolds
number case, the viscous sublayer based on y/d for the same
Y™ value becomes thicker.

The streamwise evolution of the peak value of I of three
elevated FSTI cases can be presented by the "universal”
intermittency distribution, proposed by Dbawan and
Narasima (1958), within a 10% band (not shown here see
Zhou 1993).

CONDITIONALLY SAMPLED MEAN
VELOCITY PROFILES
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Fig. 3 Intermittency Distributions for G3 Case

Plots of conditionally sampled mean velocity profiles
normalized by wall unit are shown in Fig. 4 for the G3
case. Three profiles: non-turbulent, unconditioned and
turbulent parts of intermittent flow, are shown in each of
these figures along with the viscous sublayer correlation,
U*=Y*, and the log law-of-the-wall curve for reference. The
non-turbulent profiles represent the average of velocity data
obtained duoring time segments when the
intermittencyfunction is zero. The turbulent profiles
represent the U average of velocity data obtained during time
segments when the imtermittency function is one.
Individual Cf of each part(non-turbulent or turbulent) was
used to plot these three profiles. These Cr values were
determined by using the methods described earlier according
to non-turbulent, unconditioned, and turbulent profiles
respectively.

For elevated FSTIL, as shown in Fig. 4, the non-
turbulent part profiles at low I" (Station 3) agree well with
the corresponding low FSTI laminar profiles, but start to
deviate at higher I' (Stations 5 and 8). The turbulent

rofiles do not conform to the linear-log region until
'=0.98 (Station 8), and no wake region can be observed at
this high FSTI level. The determined C¢ values for the non-
turbulent and turbulent parts are shown in Fig. 5,
respectively. Also shown in Fig. 5 are the results for
reconstructing the unconditioned Cf values using the local
near-wall peak intermittency and a linear combination of the
values obtained (a) from the experimental velocity profiles
and (b) the corresponding laminar and fully turbulent
correlations. Reconstructed total Cf values differ from the
experimentally determined unconditioned Cr values. This
result indicates that the skin friction in the non-turbulent
turbulent portions does not behave as the laminar and
turbulent flow at corresponding Rey, respectively,
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CONDITIONALLY SAMPLED FLUCTUATION
PROFILES

Conditionally sampled streamwise velocity
fluctuation (u"/Uso) profiles at selected streamwise locations
for the G3 case are presented in Fig. 6. The peak magnitudes
of the non-turbulent part are about the same as the
magnitudes of the wrbulent part. This observation was
different from that of the low FSTI cases of Kuan and Wang
(1990), where the peak magnitudes of the turbulent part are
much higher than the non-turbulent part.
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Fig. 5. Conditional Sampling Results, Cf/2 vs. Rex, G3
Case.

Comparsion between the mean velocity profiles (Fig. 4) and
' in Fig. 6 shows that the non-turbulent part is highly
disturbed at the elevated FSTI case; even the non-turbulent
mean velocity profiles follow the low FSTI Blasius profile.
The "step change” between the mean turbulent part and
mean non-turbulent part does not bave a major contribution
to the overall unconditioned u’ in the elevated FSTI case. If
the step change were significant, the magnitude of the
unconditioned u' would have been larger than the turbulent
part u'. .
Conditionally sampled cross-stream velocity
fluctnations (v'/Uoo) profiles at selected streamwise locations
for the G3 case are presented in Fig. 7. At low I stations
(e.g., station 3), the magnitudes of v'/Ue for the
unconditioned signals are lower than those in the turbulent
part but higher than those in the non-turbulent part.
Athigher T stations (e.g., station 8), the magnitudes of
v'/Uco for the unconditioned signal are about the same as
those in the turbulent part. The magnitudes of v/Ue. in the
non-turbulent part near the wall region are always lower
than those in the turbulent part. These observations are
similar to those at the low FSTI case, but are different from
those of the u'/Uce profiles as shown in Fig. 6. This results
in a less isotropic feature of the non-turbulent part for
elevated FSTI cases. The above observation also implies
that the cross-stream turbulence energy in the turbulent
portion is actually higher than unconditioned values. The
Jower v' values in the non-turbulent portion are responsible
for bringing down the unconditioned v' value. This also
calls attention to cross-stream transport, which is
undervalued by the unconditioned results in the elevated
FSTI cases.

Conditionally sampled RMS temperature (t/(Ty-Teo))
profiles for the G3 case are presented in Fig. 8. The
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comparisons of rms temperature magnitudes in the turbulent
part and in the non-turbulent part are similar to those of
v'/U,, shown in Fig. 6.

Conditionally sampled Reynolds shear stresses (uv)
profiles are shown in Fig. 9. Individual Cf of each part
(unconditioned, non-turbulent, and turbulent) was used to
calculate corresponding u* and for plotting each profile. As
shown in this figure, the normalized Reynolds shear stresses
in the mrbulent part are about 1.8 times the wall shear
stress and have about the same magnitudes of those in
theunconditioned signal, but have much higher magnitudes
of those in the nonturbulent part. This is similar to the low

12 pm—rm———— T
s Unconditioned L] i
10 o Non-turbulent

o Turbulent .

o* o ¢

v'Ua (%)
o
[}
>
[
0
(o]

T'=02
12 16 20

1 {‘&iﬁ; Station 3

[
090 04 os

12 P
& Unconditioned -
10F|c Non-turbulent -
t{e Turbulent ° AJ

v'/Ua (%)
.

a0 0.4 o3 12 15 20

e —————
s Unconditioned PY
10} o Non-turbulerz .

ik ‘Turbulent

-3
>4

V0. (%)
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Case.

FSTI cases in Wang and Keller (1997), which showed that
the turbulent part of uv was as high as twice of the wall

shear and was also higher than the unconditioned uv in the
most part of the transition flow. Nevertheless, the high
Reynolds shear stress of the turbulent part implies that even
u' and v' values are high in the non-turbulent part in 2
bighly disturbed environment; the turbulent transport is
dominantly accomplished in the turbulent part during the
transitional process in a highly disturbed boundary layer.
Conditionally sampled streamwise Reynolds heat fluxes
(ut) profiles are presented in Fig. 10. The averaged
unconditioned wall heat fluxes in this figure were used for
pormalizing the non-turbulent part and the turbulent part.
Three differences from the low FSTI case are observed: (i)
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The turbulent part of ut in the earlier transition region

T < 0.6) is higher than the nonconditioned part, whereas
the high FSTI cases, both turbulent and enconditioned parts
are of similiar magnitndes. (ii) The peak values of the
turbulent part for the low FSTI case are about 15 10 22
times of the wall heat flux, whereas they are merely above
six times in the high FSTI case. (iii) The non-turbulent part

of Ut in the low FSTI case is insignifcant; whereas, in the

high FSTI case, the non-turbulent Ut are as high as the
wrbulent part, in the near-wall region. It is not clear why
the elevated FSTI does not enhance the overall wrbulent
heat flux transport in the streamwise direction. but
augments the near-wall non-turbulent part of heat flux
transport.

Conditionally sampled cross-stream Reynolds heat
fluxes (W) profiles are presented in Fig. 11. The magnitudes
of the normalized cross-stream Reynolds heat fluxes in the
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turbulent part are higher than the unconditioned part and are
much higher than those in the non-turburlent part. This
implies that the cross-stream Reynolds heat fluxes, similar
to the Reynolds shear stresses, are dominant in transporting
momentum and heat flux in elevated FSTI cases. Large non-
turbulent fluctuations, a specific feature in high FSTI
sitiuations, do not significantly contribute to ov and v,
but significantly contribute to u' and ut .

CONCLUSION
A modified conditional sampling technique was applied
to separate the turbulent and non-turbulent parts of the

transitional boundary layers subjected to elevated FSTI from

3.8% 10 6.4%. This modified method applied one slope on
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the accumalative probability diagram to determine threshold
values. It was convenient to apply and was also theoretically
verified. The results showed that using the instantaneous
Reynolds stress signal (uv) instead of u' signal can enhance
the certainty for demarcating the turbulent and non-rbulent
signals. This implies that using the turbulence transport
behavior was superior to employing the trbulence energy
for separating the wrbulent and non-turbulent signals.

_ The conditionally-sampled results showed that the non-
wurbulent part was highly disturbed at elevated FSTI cases as
could be seen from the large values of u', t' and ut, which
were compatable to the magnitude of the turbulent part.
This was contrary to the low FSTI cases. On the other hand,
similar to the low FSTI cases, the major turbulence

10

100 - — -
Station3 | Unconditioned |
a8 r=02 ¢ Nog-turbulen! |
— e e Turbulent ‘
% o ® ]
Qeso e . :
3 o .
= - T - °
R B I Y L ¢ .
a8 ox 2 % o0 2 &0
0.00 Qc‘ S
4 ©
BT} [ 08 12 16 20
yfo
1.00 - —
Station 5 |, Unconditioned
075 ., r=035 o Non-turbulent ;1
— ® cece e Turbulent
[ 3
Qosof %, 825 , ¢
&
> gt .
= ry a .
gt & .
o°°°oo<>0° o ® 0 20 % ¢
000 |
'™ Iy o1 12 1.6 20
o
1.00 - = i
Station8 [ Unconditioned |
oIS r=09 © Non-turbulent |-
- o Turbulent |
ool ¢ Gud e
= Py 5,
= 02s | o .
> o4 se
090,90 © o ‘240 @
0.00 .
Y’ 04 03 12 16 20

y/5 ,

Fig. 11. Conditionaly Sampling Resuits, vt {q"w/pCp},
G3 Case.

transports of momentum and heat fluxes, ie., uv and vt
were insignificant in the non-turbulent part. This implied
that although the velocity trace of the non-turbulent part
was hardly distinguishable from the turbulent part in a
highly disturbed environment; the underlined flow and
thermal transport mechanisms of the non-turbulent part were
distinctively different from the turbulent part.
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° The Effects of Adverse Pressure
Gradients on Momentum and
Thermal Structures in |

° | Transitional Boundary Layers:

| Part 1—Mean Quantities
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® dictions of these increases are important in (design considera-  ypereas positive (or adverse ) pressure gradients caused a strong
i tions; inaccurate predictions can have a serious effect on the amplification and produced earlier transition.

aerodynamics of compressor and turbine blades, the reliability Knapp and Roache (1968) used a smoke-visualization tech-
of turbine vanes and blades, and the thermal efficiency of gas nique and found that an adverse pressure gradient affects the
turbine systems. In order to calculate momentum losses and stages of transition differently than.does a zero-pressure gradi-
i blade heat transfer, one must be able to predict boundary layer ent. Besides a change in the development and shape of the
- development accurately throughout transition. voriex trusses, the formation and breakdown of smoke wave

b Transition can be affected by a number of parameters, such  gors oeonrred at a higher rate than those for the zero-pressure--
i as pressure gradients, surface curvature, free-stream turbulence, gradient case. with only a short hesitation between wave sets,
v surface roughness, and acoustic disturbances, to name a few. Abu-Ghannam and Shaw (1980) studied natural transition
L Each of these parameters can influence the start and length ") flat plate for rurbulence intensities of 0.3 to 5 percent and
of transition, the flow characteristics, and the structure of the N\ ranging from 0.06 to —0.08. With their experimental data.

transitional boundary layer. The focus Of this research was t0 ;- addition to previous available data, a new family of curves

. study the isolated effect of adverse (positive) pressure gradients . ¢ proposed for pressure-gradient cases where the momenturmn

| f“ the flow structure and heat transfer in a ransitional boundary ..o Reynolds number at the start of transition, Re,,, is a
1—"“_"‘ order 1o contribute to the understanding of fundamental g o of A, and FSTL. From these curves it was deduced that

i Puysics and to increase the data base so that future wransition ., given turbulence level. the effect of the adverse pressure

- modeling and computational predictions can be improved. gradient for promoting transition is greater than the effect of
the favorable pressure gradient for retarding it. In addition, from

the plot of Re,, versus A, it can be seen that the effect of the

e l Connjibucedcby t_t;f;:temti:n:l Gas Turbitci:e Institute agd prr:s;med azH the2th  pressure gradients becomes less significant than the effect of

nternational Gas ine and Aeroengine ongress an ibition, Houston. :

e Texas. June 5-8, 1995, Manuscript received by the International Gas Turbine FSTI as the turl?ulence level 1ncreas§s, and that small pressure
25 Institute February 4. 1995. Paper No. 95-GT. Associate Technical Editor ~ gradients have incrementally more influence than larger ones

S. P. Mislevy

The effec:s of adverse pressure gradients on the thermal and momentum characteris-
tics of a heated transitional boundary layer were investigated with free-stream turbu-

lence ranging from 0.3 10 0.6 percent. The acceleration parameter, K, was kept

T. Wang

constant along the test section. Both surface hear transfer and boundary layer mea-
Surements were conducted. The boundary laver measurements were conducted with a

three-wire probe (two velocity wires and one temperature wire ) for two representative

Department of Mechanical Engineering,
Clemson University,
Clemson, SC 29634-0921

cases, KI = —0.51 X 107 and K2 = —1.05 X 10~°. The surface heat transfer
measurements were conducted for K values ranging from —0.045 X 10~ to —1.44
X 107 over five divergent wall angles. The Stanton numbers of the cases with adverse

pressure gradients were greater than thar of the zero-pressure-gradient turbulent
correlation in the low-Reynolds-number turbulent flow, and the difference increased
as the adverse pressure gradient was increased. The adverse pressure gradient caused
earlier transition onser and shorter transition length based on Re,, Re?¥, and Re; in
comparisor. 1o zero-pressure-gradient conditions. As expected, there was a reduction
in skin friction as the adverse pressure gradient increased. In the U*~-Y * coordinates,
the adverse pressure gradients had a significant effect on the mean velocity profiles
in the near-wall region for the late-laminar and early transition stations. The mean
temperature profile was observed to precede the velocity profile in starting and ending

the transition process,

opposite to what occurred in Javorable pressure gradient cases

in previous studies. A curve St of the wurbulent temperature profile in the log-linear
region for the K2 case gave a conduction layer thickness of Y* = 9.8 and an average
Pr, = 0.71. In addition, the wake region of the turbulent mean temperarure profile
was significantly suppressed.

Introduction

Transition from laminar to turbulent flow causes an increase
in both skin friction and convective heat transfer. Accurate pre-

C. J. Russo.

Journal of Turbomachinery

Schubauer and Skramstad (1948) showed oscillograms of
streamwise velocity fluctuations on a flat plate with a nonuni-
form external velocity distribution. Negative (or favorable) .
pressure gradients appeared to damp out the oscillations,

have for low-FSTI cases. When they plotted the intermittency

OCTOBER 1996, Vol. 118 / 717




factor against a normalized transition length scale, f {(=(x —
x,)/(x. = x,}). no effect due to pressure gradient could be
detected.

The effects of pressure gradient and free-stream turbulence
intensity on the length of transition were further stdied by
Fraser et al. (1988). Their data showed that while the mrbulence
level remains constant, an increase in the adverse pressure gradi-
ent causes a decrease in the transition length Reynolds number.
In addition, they found that when the turbulence Jevel is in-
creased beyond 1.4 percent. the free-stream turbulence becomes
the dominant controlling parameter. Fraser et al. also concluded
that neither the pressure gradient nor the turbulence level has
any significant influence on the distribution of intermittency in
the transitional boundary layer flows tested, where A\, < —0.06
and FSTI = 1.45 percent. Acharya (1985) found pbenomena
similar to that described by Fraser et al., but up to a higher
FSTI value of about 3 percent. )

Walker (1989) developed 2 minimum transition length model
based on a continuous breakdown hypothesis which is similar
to forced transition and gives reasonable estimates for transition
length in adverse pressure gradients. This transition length cor-
relation, Re, = 2.30 Re}s. represents the minimum transition
length that corresponds to the maximum adverse pressure gradi-
ent parameter, Ag, = —0.082, for an attached laminar boundary
layer at transition inception. The actual transition length should
lie between the values predicted by this model and those of
zero-pressure-gradient correlations.

Walker and Gostelow (1989) investigated the effects of ad-
verse pressure gradients on the length of boundary layer transi-
tion and introduced a correlation for transition length. The ex-
perimental investigations were undertaken at ap inlet free-
stream turbulence intensity of 0.3 percent. The results indicated
that Rey, at the onset of ransition declines mildly with a slight
increase in the adverse pressure gradient and levels off to a
fairly constant value under moderately strong adverse pressure
gradients. However, the end of transition occurred much sooner
when increasingly adverse pressure gradients were applied. The
change in Rey at the end of transition was most noticeabie when
a zero-pressure gradient was replaced by even a weak adverse
pressure gradient. This observation is consistent with the con-
clusions of Abu-Ghannam and Shaw (1980).

Walker and Gostelow (1989) found physical differences in
instability waves between zero- and adverse pressure gradients.

In a zero-pressure gradient, transition occurs randomly due to
the breakdown of laminar instability waves in sets. However,
for an adverse pressure gradient. Tollmien-Schlichting waves
appear more regularly, and the fiow steadily evolves from ran-
dom to periodic behavior as the pressure gradient becomes more
adverse. The results of Walker and Gostelow (1989) indicate
that the shape factor, H, is close to the local equilibrium turbu-
lent fiow value at the 99 percent intermittency point for the zero-
pressure-gradient case, but it increasingly exceeds this value as
the pressure gradient becomes more adverse, which suggests
the possibility that the shape factor may not be settled at the
99 percent intermitiency point.

* Gostelow and Walker (1991) evaluated their transitional
skin-friction values by using the relationship C; = (1 — I') Cppum
+ I'Cyum- The skin-friction value at the onset of transition was
determined in the near-wall region by linear extrapolation of
U™ = ¥~, and the skin-friction value at transition completion
was obtained by using 7./p = 0.0464(v/U.6)**UL/2. Again.
the shape-factor value at the end of transition appears to stabilize
only for zero and low adverse pressure gradients, with dH/dx
becoming increasingly negative as the pressure gradient be-
comes more adverse. This means that the shape factor continues
to decrease even after intermittency measurements indicate tran-
sition completion. Thus, a linear combination of the laminar
and wrbulent properties in proportion to the intermittency, such
as above, may be inappropriate for adverse pressure gradients.
Acwally, Kuan and Wang (1990) pointed out that even for flow
without a pressure gradient, linearly combining the laminar and
turbulent properties is questionable, since the nonturbulent part
of a transitional fiow is highly disturbed laminar flow, and the
turbulent part is not fully developed.

Regarding heat transfer within the transition region, Sharma
(1987) compared transition lengths between the thermal and
momentum boundary layers and found that for fiows developing
under adverse pressure gradients, the length of transition for
the thermal boundary layer is shorter than that of the momentum
boundarv laver. Sharma modeled the effects of both favorable
and adverse pressure gradients on the thermal boundary layer
by defining a new thermal intermittency factor that is a function
of pressure gradient and momentum thickness Reynolds number
for both the thermal and the momentum boundary layers. Al-
though this model gave improved estimates of the heat transfer
coefficient on the surface for adverse pressure gradients, not

Nomenclature
C, = specific heat
C; = skin friction

FSTI = free-sream _turbulence intensity
=vY(u'*+v'?+ w?)/3/0.
H = shape factor = £*/6 )
K = acceleration parameter =
w/C3)/(dU.1dx)
L = length of transition
Pr, = turbulent Prandtl number
g~ = wall heat flux
Re, = local Revnolds number
Re,. = displacement thickness Reynolds
number = U.6*/v/
Re: = momentum thickness Reynolds
number = U.8/v
St = Stanton number, Eg. (1)
T = instantaneous temperature =
, T+1:
= mean temperature
T = (T, = TWrp(p:C,)gh =
G218t
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U, V = sreamwise and cross-
stream instantaneous veloc-
ity U=C+u,V=V+yu

U, V = mean velocity components

u, u, w = instantaneous velocity fluc-

tuations
u’,v’, w' = ms value of velocity fluc-
tuations
Uwo = free-stream velocity at sta-:
tion 1
U= 0.

U, = friction velocity = v7./p
UHSL = unheated starting length
x = streamwise distance from
leading edge
Xo = unheated starting length
y = pormal distance from wall
Y™ = dimensionless distance from
wall = yU./v
I' = intermittency

é = boundary layer thickness at
0.995 U.
6% = displacement thickness = f; (1
- 010.)dy
7 = normalized transition distance
= (X - xx)/(xe - x.r)
6 = momentum thickness = f: o/
Un:)(l - U/Uu)d_"
Ay = pressure gradient parameter =
(6°/v)(dU./dx)
v = kinematic viscosity
p = density
7. = shear stress

Subscripts

¢l = conduction layer
o = free-stream value
e = end of transition
s = start of transition
w = at the wall
lam = laminar
turb, 7 = turbulent
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much information is available regarding heat transfer inside
transitional boundarv layers with arn adverse pressure gradient.
Therefore. in addition to fiuid meczzanics. detailed experimental
investigations of thermal transpor: are also needed since the
Revnoids analogy breaks down when pressure gradients are
involved. This paper aims to provide such information. The
results of this study. conducted ir low free-stream turbulence
environments. will serve as the baseline cases for future studies
in elevated free-stream environments, which are closer to real
gas turbine conditions.

Experimental Program

The test facility ns=d an existing two-dimensional, open-cir-
cuit, blowing-type wind tunnel. A detailed description of the
wind tunnel and its gualification is given by Kuan (1987) and
Wang et al. (19923. A heat exchanger utilizing a continuous
fresh supply of city water was used to keep the free-stream
temperature uniform and steady. Boundary layer suction was
applied at the leading edge in order to initiate 2 new boundary
layer at the leading edge of the test section. -

The test section was 0.15 m wide, 0.92 m high, and 2.4 m
long. One 0.92 m X 2.4 m vertical face of the test section served
as the outer wall. This flexible lexan wall allowed for adjustment
of the pressure streamwise gradient along the plate.

The opposing 0.92 m X 2.4 m face functioned as the heated .

test plate. One hundred and eighty-nine E-type thermocouples,
3 mil in diameter, were embedded in the 0.25-mm 3M-413 tape
between the heater and the lexan test wall. Seventy-four of the
thermocouples were located along the streamwise centerline of
the wall, and the remaining thermocouples were placed in cross-
span locations. A foil heater was used, custom-designed such
that about 90 percent of the heater area was actively heated. A
detailed description of the heated test wall was documented in
Wang et al. (1992) and Keller (1993).

Selection of Pressure Gradient. A parameter to character-
ize the effects of the pressure gradients was sought to perform
the experiment. The most commor parameters used in the litera-
ture are:

¢ 3
g =59 (Clanser, 1954),
o dx
N = i-‘?& (Thwaites, 1960),
v dx
A= ﬁd_a: (Pohlbausen, 1921),
v dx
K= #"-C} (Brown and Martin, 1976),
Ary = Ex (Patel = al., 1968), and
Tw L’:; dx - . 13
p* = 2= 222 (Narayenan et al., 1969).
pul dx

The first three parameters incorporate the past history of the
boundary layer through the use of §, or through an integral
parameter. such as é* or 6. For experimental purposes, obtaining
constant 3. Ay, and A values requirss boundary layer measure-
ments that are undesizably time consuming during setup of the
test section. The las: two paramez=ss require measurement of
the wall shear stress. which is 2iso inconvenient. However,
the acceleration parameter. K, sometimes termed the velocity
gradient factor. represents the overail free-stream flow-field ef-
fect while being independent of the Jow history in the boundary
layer. The desired constant K valuz can be simply obtained by
adjusting the inlet velocity and the outer wall angle by first
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keeping the outer wall in a wedge configuration and then fine-
wning it locally to accommodate the effect of the boundary
laver growth. Therefore, for this study. the degrees of strength
of the various pressure gradients were represented by the use
of this acceleration parameter, X. Many researchers attempt to
relate the A, value at transition onset to X at transition onset
through A, = Rej, K, but as pointed out by Zhou and Wang
(1992), constant K and constant A, (Falkner—Skan) flows are
physically different. and comparing a corresponding location
berween these two flows based on the strength of the pressure
gradient at the single location in the flow field requires caution.

At each wall configuration, the absolute value of K car be
increased by decreasing the reference free-stream velocity. The
K values and free-stream velocities were chosen so that the
complete laminar—turbulent transition was located on the test
wall. For the present study, K ranges from —0.045 X 10~ 10
—1.44 X 10~°, and the acceleration parameter was set equal to
a constant streamwise value for each test case.

Instrumentation. Two independent, computer-controlled
acquisition systems acquired data for both surface heat transfer
and boundary layer quantities. One system measured the test
plate thermocouple data, and the second system recorded mo-
mentum and thermal boundary layer values taken with a thermal
anemometry system. ) .

The 189 thermocouples used in the surface heat transfer tests
were scanned by a Fluke 2205A Switch Controller at a rate of
one reading per second. The average reading of two consecutive
scans was obtained for each thermocouple.

A single hot-wire and a three-wire probe were used to make
all boundary layer measurements. A single hot-wire TSI model
12185-T1.5 was operated in a constant-temperature mode with
an overheat ratio of around 1.8. This single-wire probe was
used for velocity measurements as close to the test surface as
Y™ =~ 3 for the present study. These near-wall measurements
are essential to obtaining skin-friction coefficients.

The three-wire probe contained two velocity wires (2.5-pm,
platinum-coated tungsten wire) and one cold wire (1.5-um plat-
inum wire). The 2.5-um wires were arranged to measure the
streamwise and cross-stream velocity components in a constant-
temperature mode while the cold wire, which operated in 2
constant current mode with a constant current of 0.1 mA, was
used to measure temperature variations. The three-wire probe
was used simultaneously to measure velocity and temperature
signals. Since adverse pressure gradients reduce transition
length, low velocities were used in order to *‘stretch’” the transi-
tion region so that more measurement stations (15 cm apart)
could be located in the transition region. The *‘cross-talk’’ be-
tween the hot and cold wires becomes amplified at low veloci-
ties, so the velocity wires were~compromised to operate with
low overheat ratios of around 1.3. At this low overheat ratio, .
the frequency response of the velocity sensors of the three-wire
probe was nevertheless satisfactory with a response between 5
and 15 kHz for velocities from 3 to 10 m/s. The frequency
response for the temperature wire was experimentally deter-
mined by Keller (1993) to be from 4800 to 6400 Hz. The
“scross-talk’* (or heat contamination) between the cold and hot
wires was found to be negligible by comparing the velocity
results obtained with and without the cold wire in operation
and the temperature results obtained with and without the hot
wires in operation. A sampling frequency of 2 kHz for 20 sec-
onds was used for both the three-wire and single-wire probes.
For future spectral analysis (not included in this paper), fre-
quencies above 1 kHz were filtered so as to prevent aliasing
errors. A detailed description of this three-wire probe is docu-
mented in Wang et al. (1996) and Shome (1991). Two addi-
tional x-wires were used for measuring v’, w', v, and uw.
respectively, in the free stream.

The same data-acquisition system was used to obtain signals
from both the single hot-wire and the three-wire probes. The
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sensors were attached to a probe holder which was held by a
single-axis, micrometer-traversing mechanism capable of mov-
ing in 0.005-mm increments. Two TSI IFA-100 constant tem-
perature bridges were used for the hot wires, and a DISA con-
stant current bridge was used for the cold wire. A four-channel
MetraByte Simultaneous Sample and Hold box (SSH4) and a
DAS-20 A/D converter were used to simultaneously take sig-
nals from the three wires.

Both the single hot-wire and the three-wire probe were cali-
brated in situ in the wind tunnel test section. The temperature
sensor of the three-wire probe was calibrated by using a heated
free jet in a temperature range of 10°C to 50°C against a cali-
brated E-type thermocouple. The calibration for the thermocou-
ples in the test plate was done at four isothermal conditions
(no wall heating) of different free-stream temperatures with a
constant free-stream velocity of 13 m/s. The uncertainty of the
calibrated thermocouples was within =5 pV (= 0.08°C).

Experimental Procedure. For the surface heat wransfer
tests, two consecutive scans of all 189 thermocouples were
made for each test. The results were then averaged to reduce
the effects of any uncontrollable random errors. Steady state
was assumed when the centerline Stanton number vaiues varied
less than 2.0 percent for all measurement locations.

The boundary layer measurements were made at 30 locations
across the boundary layer for each station. Baseline tests (zero-
pressure gradient) of both surface heat transfer and boundary
laver measurements can be found in Wang et al. (1992, 1996)
or Keller (1993); these test results will be used for comparison
in this paper.

Data Reduction. .The surface heat transfer was nondimen-
sionalized in terms of the Stanton number,

g
St = . 1
p=ColUx(T, — T..) S

The free-stream air properties and temperature were corrected
for both compressibility effects and humid air conditions.

The above wall heat-flux term. g%, was calculated based on
an energy balance within the test wall. The heat losses such as
upstream and downstream conduction, Qcene. radiation from the
test surface, Qq, and back losses, Qu., Were subtracted from
the power input. Q;,. Thus, the net heat flux was determined
by gn AA = Qi = Qeons = One = Qvack, Where AA s the area
defined by a 6.45-cm® (1-in”) element centered around each
thermocouple in the test plate. The velocity used in determining
the local Stanion number at each thermocouple location was
calculated by integrating the acceleration parameter, X, which
was obtained from 14 measured free-stream velocities along the
test section. The upstream conduction loss near the leading edge
was not corrected, so the uncertainty is higher at the leading
edge.

Since no direct measurement of the wall shear stress was
made. the skin friction was determined from the shape of the
velociry profiles when plotted in terms of the wall coordinates

Table 1 Uncertainties of mean quantities and integral parameters

Parameter Uncertaintv (%)
E 5.83

- 1.23

T T, T,

5' 42

[:] 6.2

H 7.5

Y+ 47

U“’ 4.7

T . ' 32
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U* and Y~ . For the laminar and turbulent regions, the experi-
mental velocity profiles were converted into wall units and were
compared to the numerical results from the STANS code
(NASA/Lewis version ), which is a two-dimensional parabolic
solver for boundary laver flows. Using an iterative procedure,
the C; values and the wall configuration (the distance between
the first samnple location and the actual test wall surface) were
fine-tuned for each profile until each individual profile best
matched the STANS results in the near-wall region. A mixing
length mods!l with a correction for van Driest damping coeffi-
cient for adverse pressure gradients was used.

For the transitional boundary layer, the determination of C,
is more complicated. One method of determining Cyin transition
involves the practice of superimposing weighted laminar and
wurbulent skin-friction values, but as discussed by Kuan and
Wang (1990), this method is at best questionable. A second
method involves forcing the two-dimensional momentum inte-
gral 1o close: however, Wang et al. (1985) and Keller (1993)
have shown that this method results in unreasonable large values
of C; due to the three dimensionality of the transition region.
A third method is to assume that the velocity profile in the
viscous sublaver of a transitional flow still behaves like Couette
flow. Based on this assumption, the experimental velocity pro-
files were matched to the inner-wall (¥* = 5) correlation, U*
= Y~, by using an iterative procedure similar to that used for
the laminar fiows to determine the skin friction in the transi-
tional fiow regime. Velocity data acquired by the single hot
wire (not shown in this paper) were used to determine C, since
it could get closer to the wall than could the three-wire probe.
However, the practice of forcing the near-wall mean velocity
profiles to maich the U™ = Y™ curve in the transition region is
not appropriate in early transition for adverse pressure-gradient
flows due to the counteracting behavior between adverse pres-
sure gradients and transition on the velocity profiles for Y * <
10, as will be discussed later.

The boundary layer temperature data were reduced to the
form of mean temperature profiles and plotted as T* versus Y *.
As with the velocity profiles, this data was compared with the
numerical results from the STANS code in the laminar and
turbulent regions. In addition, the profiles for the turbulent re-
gion were compared to the conduction-layer correlation, ' =
PrY *, in the region very near the wall (Y~ < 5) and to the law-
of-the-wall in the log-linear region. For the transition region, the
profiles in the near-wall region were matched to the conduction-
layer correlation. However, it will be shown later that the data
failed to match the log-linear region.

The Reynolds stresses and heat fluxes will be presented in
Part 2 of this paper. A detailed uncertainty was performed by
Mislevy (1993 ). Representative uncertainty of the mean quanti-
ties is listed in Table 1. -

Uncertainty Analysis. Following the methodology of
Kline and McClintock (1953), an uncertainty analysis was con-
ducted. In order 1o determine the propagation of the individual
uncertainties into the resuliant quantities, the sensitivity coeffi-
cient was determined by perturbing each independent variable
by its uncentainty value within the data reduction program and
noting the change in the resultant guantity (Moffat, 1982).

Using this technique, the resultant uncertainties in Stanton
number from both fixed and variable inputs resulted in an over-
all uncertainty in Stanton number of 5 percent. The uncertainty
for the three-wire probe is shown in Table 1 for y/6 = 0.2. The
primary contributor o uncertainty in V, it, and 97 is the angle
berween the mean flow and the normal to the sensor. The hot-
wire calibration equations are the largest contributor to the un-
certainty in T and u'. The uncertainties in the integral parame-
ters are also summarized in Table 1. The uncertainty in the wall
location (y = 0) is the major contributor to the uncertainty in
displacement thickness, £*, and momentum thickness, 6.
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Results and Discussion

Surface heat transfer measurements were made for constant
K values berween ~0.045 X 107 and —1.44 x 10~ over five
divergent wall angles. In order to compare the experimemal
results in the laminar and turbulent regions. the STANS code
was run using the free-stream experimental velocity distribu-
tions and corrected wall heat fiuxes as boundary conditions.
The Stanton number distributions for two representative cases
are shown in Fig. 1(a). As the adverse pressure gradient in the

" laminar region increased. the STANS predictions increasingly

deviated from the zero-pressure-gradient case (K = 0). The
largest Reynolds number for each laminar prediction curve is
the point where the STANS breaks down, which indicates a
possible boundary layer separation in the computed flow. al-
though this is not necessarily true for the real flow. The Stanton
number at this point, which is also the location of the largest
deviation, shows about a 26 percent difference from the K = 0
case. In the mrbulent region, the STANS predictions for adverse
pressure gradients also show a deviation from the X = 0 curve;
however, it should be noted that varying free-stream velocities
at a constant K value produce significantly different curves in
the low-Reynolds-number region. The same pressure distribu-
tion (K value) with different U, results in different Stanton
number distributions. The deviation from the zero-pressure-gra-
dient correlation is greater at higher velocities. This is shown
in Fig. 1(a) for K = —1.05 X 107 and is not significant in
the laminar region. .

For comparison, Fig. 1(b) shows the STANS skin-friction
results. The effect of the adverse pressure gradient on C; is
stronger than it is on the Stanton number, with larger deviations
from K = 0 in both the laminar and turbulent regions. In other
words, the Reynolds analogy (2St/C;) between heat and mo-
mentum transfer is not valid for adverse pressure-gradient flows
due to the greater effect of negative X on momentum boundary
layer structures, as was modeled by the STANS. In the laminar

1x107!
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(8.1 m/s)
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Fig. 1 STANS resuits for (2) Stanton number and (b) skin friction for
two constant K cases
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region, both the C; and the St are below the K = 0 curve. In
the turbulent region, however, the C; falls below the K = 0
curve while the St, although less affected. is higher than the K
= 0 curve. The C;is linle changed by varying the Ux, for the
same K value although higher velocities resutt in the prediction
of possible separation further upstream. Clauser (1954) found
that adverse pressure gradients have a large effect on skin fric-
tion for equilibrium turbuient boundary layers and that even
relatively small gradients can reduce skin-friction coefficients
bv up to 50 percent of zero-pressure-gradient values at the
same Reynolds number. For favorable pressure-gradient results,
however, the opposite was found to be true. In favorabie pres-
sure-gradient cases, Zhou {1993) found both the C; and the St
in the laminar region to be higher than the X = 0 curve. and
in the turbulent region Zhou found the C; to be higher than the
K = 0 curve while the St was lower. In addition, Zhou (1993)
showed that favorable pressure gradients also have a larger
effect on C, than on Stanton number.

Experimental Stanton Number Results. Figure 2 shows
the experimental Stanton number distribution for wall configu-
ration 1, which has the smallest divergent angle (1.2 deg) and
thus the lowest constant K values. At a fixed divergent wall
angle, a lower U results in a higher X value, and the corre-
sponding laminar correlation curves differ as well, as shown in
Fig. 2 with U values of 2 m/s and 16 m/s. For the sake of
clarity, instead of plotting every correlation curve for each ve-
locity in the laminar fiow region, only one representative curve
for the K = 0 cases is plotted in the remaining St versus Re,
figures. The laminar and murbulent correlations for zero-pressure
gradient can be found in Kays and Crawford {1980) for a con-
stant heat-flux surface: '

Stum = 0.453 Pr0% Re;**[1 — (x/x)*"]7%  (2)
Sty = 0.03 Pr~®* Re;%2[1 — (x,/x)0%] -0 (3)

The St values in Fig. 2 initially follow the K = 0 correlation
and begin to deviate from this line as the Revnolds number is
increased. Near the leading edge, the St data are lower than the
K = 0 correlation, possibly due to the uncorrected upstream
conduction loss, as discussed earlier in the uncertainty analysis.
Transition starts when the St reaches a minimum value, which
is at about the same Re, for all of the cases in this figure due
to the low X values associated with this wall angle. In the early
transition region, the Stanton numbers for all of the cases follow
a well-ordered distribution until midway through transition. At
this point, significant scatter develops. which will be discussed
later. Although this scatter is present, there is a wend that shows
the end of transition occurring at increasingly lower Reynolds
numbers as the adverse pressure gradient increases (|Kj in-
creases).

Figure 3 shows the Stanton number distribution for wall con-
figuration 2 (divergent angle of 2.6 deg) in which stronger
decelerated flows were obtained. As can be seen, the higher KX
cases result in earlier onse: of transition. The Reynolds number
at the end of transition could not be determined simply from
the wall heat transfer behavior due to the unramiliar behavior
of the Stanton number patterns. There are in fact two noticeable
features in the Stanton number distribution in Fig. 3: (1) the
local “‘twist’’ in the transiton region for the smaller K cases
(higher velocities) and (2) the overshoot past the turbulent
correlation for the larger X cases. As the end of transition is

* approached, there is an increasing overshoot ( about 40 percent)

beyond the zero-pressure-gradient turbulent correlation as the
pressure gradient is increased. These overshoots are consistent
within 5 percent of the STANS predictions. For clarity. the
STANS predictions are not shown in Fig. 3; examples of
STANS predictions are shown in Fig. 1. However, experimental
Stanton number data from Orlando et al. (1972) and Blackwell
et al. (1972) for all turbuient. equilibrium adverse pressure-
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Local Stanton Number, St

1x10% 5x10°

1x10°
Local Reynolds Number, Re,

Fig. 2 Local surface heat transfer for wall configuration 1 with a diver-
gent angle of 1.2 deg for various K values

gradien: fiows show very close agreement with the zero-pres-
sure-gradient turbulent correlation when plotied against en-
thalpy thickness Revnolds number. However, no data were
available in their studies for the Stanton number when explicitly
plotted against Revnolds number based on physical x. The im-
ited boundary layer measurements (for two cases) in this pres-
ent studv do not provide sufficient enthalpy thickness informa-
tion for comparison with their data.

The Swanton number distributions for wall configurations 3,
4, and 5 (divergent angles of 3.5, 4.4, and 5.6 deg, respectively)
show the same wends in the presence of increasing adverse
pressure gradients as did positions 1 and 2, such as overshooting
the zero-pressure-gradient turbulent correlation and an earlier
onset of transition. Although the earlier transition onset is appar-

ent at each wall angle for increasing K, Fig. 4 shows the overall.

effect of constant K flows produced at different angles and Uo.
As can be seen, stronger negative constant K flows produce
earlier wansition onset regardless of the wall angle. The sharp
“‘twist”” in the wransition region for the lower K cases of wall
configurarions 1 and 2 (Figs. 2 and 3) turns into a broad scatter
at the end of transiton for cases having larger divergent angles
and increasingly higher U.,. The overshoot past the zero-pres-
sure-gradient turbulent correlation associated with higher X val-
ues disappears as the K value is reduced. The slope of the
Stanton number distibution in the early transition region ap-
pears to become steeper as the K value increases, reflecting
the shorter transition region (based on Re,) that results from
increasing the adverse pressure gradient. The Stanton number
appears t¢ be a good parameter for determining the onset of
transition. but the peculiar distribution and scatter of the Stanton
number within the late-transition and turbulent regions makes
it difficult to determine the end of transition.
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Fig. 4 Comparison of Stanton number for different pressurev gradients
at wall divergent angles of 1.2, 2.6, 3.5, 4.4, and 5.6 deg

To determine the cause of this scatter, several possible
sources were investigated, such as nonconstant heat flux pro-
duced by the heater and separation of the boundary laver from
the test surface. However, as explained below, neither noncon-
stant heat flux nor separation was found to be present.

A single hot wire was used to obtain fiow information in the
boundary layer and skin-friction measurements on the wall for
a flow with a reference free-stream velocity of 20.1 m/s and K
= —0.027 X 10~%. Figure 5 shows an overlay of the skin friction
and the Stanton number for this case. Both the C;and the Stanton
number show the same location for the onset of wransition;
however, their locations at the end of transition differ markedly.
The C;overshoots the STANS turbulent results by about 5 per-
cent in the early turbulent region and then approaches the turbu-
lent correlation as the Reynolds number increases. However, the
Stanton number, as seen before at high U, develops significant
scatter midway through transition with a region that indicates
a decrease in the heat transfer coefficient. From information
indicated by the flow structures in the boundary layer (such as
mean velocity profiles, fiuctuating velocities, and shape fac-
tors), the turbulent region starts at about 1.3 X 10° (or the
location of Cym). Therefore, if these instabilities are causing
the Stanton number scatter, then strangely they are not affecting
the mean or fluctuating streamwise velocities (not shown here;
see Mislevy, 1993) within the boundary layer. In addition, the
C; distribution does not suggest the existence of a separation
bubble since no near-zero value for the C; was found. The actual
cause of this peculiar Stanton number distribution is still not
known although it seems to be intensified by the application of
increased adverse pressure gradients and increased free-stream
velocities. At X = 0, the scatter disappears.

s : AR AN

1x10° 1qu# Sx10®

Local Reypolds Numbes, Re,
Fig. 3 Local surface heat transfer for wall configuration 2 with a diver-

gent angle of 2.6 deg for various K values; slower U, results in higher
K value
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X

Fig. 5 Centerline Stanton number and skin friction distribution for K =
~0.027 X 107° (U, = 20.1 m/s)
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A direct comparison between two of the adverse pressure
gradient and the corresponding baseline results for free-stream
velocities of a similar magnitude at x = 18 cm are shown in
Fig. 6. Both the onset and the end of transition clearly occur
earlier for the decelerating cases than for the corresponding
baseline cases. K versus Re,, is plotted in Fig. 7, which shows
that Re,, decreases sharply in the presence of weak adverse
pressure gradients and then seemingly levels off for stronger
adverse pressure gradients. It should be noted that the transition
onset data in this figure from Gostelow et al. (1992) are based
on the intermittency of the momentum boundary layer, rather
than surface heat transfer. The strengths of the adverse pressure
gradients of Gostelow et al. (1994) were measured based on
A at transition inception. Neither K nor A, values were main-
tained as a constant in their study. The As values at the onset
of transition for the flows of Gostelow et al. were converted to
K values based on the relationship X = A¢/Rej.

Boundary Layer Investigation. In order to gain an under-
standing of the effects of adverse pressure gradients on the
momentum and thermal transport mechanisms in the transitional
boundary layer, two representative decelerating cases were cho-
sen for a boundary layer investigation. A medium and a strong
adverse pressure gradient were chosen, each at a different wall

angle. The obtained K values were K = ~0.51 X 107° at wall

configuration 3 (3.5 deg) and K = —1.05 X 107 at wall con-
figuration 2 (2.6 deg), which will be termed K1 and X2, respec-
tively, for the remainder of the discussion. The X values were
determined as described earlier.

The FSTI and the isotropy factors (the ratio of v'/u’ and w'/
u') for each case are shown in Fig. 8. The FSTI is fairly
constant for each of the three cases ranging from 0.3 to 0.6
percent although the deceleraring cases show a slight increase
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Fig. 6 Comparison of local surface heat transfer behavior between
baseline and adverse pressure gradient cases at a similar magnitude of
free-stream velocity at x = 18 em
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Fig. 7 Comparison of Re,, with different adverse pressure gradients.
The data from Gostelow et ai. were plotted by converting its A, values
at the onset of transition to K values.

in FSTI downstream. The ratio of v'/u’, as measured by a wv
x-wire, decreases in the presence of increased adverse pressure
gradients. The values are not isotropic, and v’ appears to be
suppressed as the adverse pressure gradient is increased. The
ratio of w’/u’, as measured by the uw x-wire, is mostly isotropic
for the baseline and the K1 case. However, for the K2 case. w’
is also suppressed. This can be explained as vortex compression
in a divergent channel with thin boundary layers. similar to
the explanation of vortex stretching in a contraction by Uberoi
(1956) and Tennekes and Lumley (1972): The velocity fluctu-
ations associated with an *‘eddy” aligned with the mean flow
decrease, and those associated with an eddy perpendicular to
the mean flow increase in a contraction. This phenomenon is
reversed in a divergent channel. Therefore, both v’ and w’
decrease in a divergent channel since they are associated with
eddies aligned with the mean flow. '

The free-stream integral length scales (A) shown in Fig. 8
vary from 1.9 to 3.0 cm and are consistently larger than the
baseline case. The scattered distribution of A for the K2 cases
is due to uncertainty in the low-speed fiow. The integral length
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scales were calculated by integrating the autocomrelation of i’
to the first zero crossing, which gives the integral time scale.
and then, by assuming that the Taylor hypothesis is valid, multi-
plying the integral time scale by the mean velocity.

Skin Friction and Integral Parameters. The varation of
the skin-friction coefficient obtained from the measurements of
both the single hot wire and the three-wire probes is shown in
Fig. 9. The skin-friction values for laminar and twrbulent fiow
from the STANS solutions are also shown in Fig. 9 for compari-
son. In both the laminar and the turbulent regions, the experi-
mental skin frictions are higher than the STANS predictions but
are significantly lower than the baseline C; values for increas-
ingly adverse pressure gradients. The onset and the end of transi-
tion were first chosen at the locations where the skin friction
reaches its minimum and maximum, respectively. However, the
actual position may occur slightly on either side of the chosen
locations due to the space between measnrement stations. There-
fore, the onset and the end of transition were later cross-checked
with the Stanton number distribution, the shape factors, and
other mean and fluctuating parameters in the boundary layer. It
is also observed that higher negative X values cause earlier
transition onset and shorter wansition length in terms of Re,,
Re?, and Re, (Table 2). ,

The integral parameters are shown in Fig. 10. The growth
rates of &, 6%, and # for both of the adverse pressure-gradient
cases appear to be about the same, but they are larger than those
of the baseline cases. The shape factor, H, shows larger values
in the laminar region than for the baseline case. The shape
factors for the decelerated cases rise to about 3.4 before transi-
tiop onset and then decrease to between 1.5 and 1.6 in the
turbulent region. This tendency for H values to rise at the end
of the Jaminar flow is distinctively different from the tendency
for H values to be lower for the baseline case. Increasingly
adverse pressure gradients appear to produce higher values of
shape factor in both the laminar and the turbulent regions. The
tendency for H values to rise at the end of the laminar fiow
also indicates that the rate of increase for §* is faster than it is
for 6, as can be seen from the local maximum 6* values at x
= 60 cm for the K1 case and at x = 80 cm for the K2 case.
For all of the cases in this study, the shape factor has reached
its turbulent value by the end of transition. However, Gostelow
et al. (1992) reported that H continues to fall after transition
completion for strong adverse pressure gradients (), = —0.05 to
—0.07), but that this change is not significant for weak pressure
gradients. Gostelow et al. attribute this result to the strong lag
effects on the velocity profiles and the shorter transition lengths
associated with stronger adverse pressure gradients. Although
Gostelow et al. (1994) determined the end of transition based
on intermittency (I" = 0.99), their mean velocity profiles at
this intermittency value follow the log-linear trbulent law-of-

2
Ix10

110

2x10* pr3id Re miet 10t

X

Fig.8 Comparison of skin friction between the baseline and two decel-
erating cases with K1 = —0.51 x 10~* and K2 = —~1.05 X 10~°
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Tabie 2 Reynolds numbers at onset and end of transition for cases with
boundary layer measurements

Baseline  Ki= K2=
(K=0) _ -051x10% .1.05x10
Upg (ms) 12.24 8.13 288
FSTI (%) at x, 0.50 030 025
Re, 550x10° 3.01x10° 1323x10°
Onsetof  Regr 1294 1227 985
Transition Re, 492 373 252
Re, 11.2x10° 4.28x10° 233x10°
End of Regs 1826 1423 1045
Transition Re, 1302 946 679
Re,; 570x10° 127x10°  098x10°
Lengthof Reg, 532 196 55
Transition Rc% 810 573 385

‘the-wall in U* -¥* coordinates. It will be shown tha: zlthough

no delay in the shape factor was found in this study. the mean
velocity profiles at the determined end of transition aiso follow
the log-linear turbulent law-of-the-wall. In addition, the pressure
gradients of Gostelow (1994) were defined by the vaiue of A,
at transition onset, and the physical difference betweer: that flow
and a constant X fiow may be a reason for the discrepancy with
the current resuits. :

Mean Velocity and Mean Temperature Profiles. The U/~
versus ¥~ mean velocity profiles for the three-wire probs were
determined as described earlier, using the single hot-wire mea-
surements as a guide. The STANS predictions for the velocity
profiles in the laminar and wrbulent regions were obtained and
used as a guide in these regions. These profiles are shown in
Fig. 11(a) for the K1 case. In the laminar region, the adverse
pressure gradient causes the velocity profile in the p=ar-wall
region to pull away from (move above) the Couette fiow U/
= Y curve for locations further downstream. As a result, for
station 3 of the K1 case the laminar profile matches the U* =
Y™ curve only for ¥* < 2. Only stations 2 and 3 are obtzined
in the laminar region since the STANS code breaks dowr after
station 3. In the nirbulent region. the STANS predicts z shon-
ened and steeper log-linear region and stronger waks regions
as Re, increases. .

Figure 11(b) shows the STANS predictions for the E1 case
temperature profiles. In the laminar region, the adverse pressure
gradient causes the temperature profiles to.become increasingly
lower than the conduction-layer correlation, T* = Pr¥ . as Re,
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Fig. 10 Boundary layer integral parameters for the baseline, K1, and K2
cases (~~- thermal boundary layer thickness, §,)
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Fig. 11 Resuits of the STANS prediction of (a) velocity profiles and (b)
temperature profiles for corresponding stations of K1 = ~0.51 x 107°

increases. This phenomenon is opposite to the effect of the
adverse pressure gradient on the velocity profiles. In the rurbu-
lent region, the STANS predictions show an increasing under-
shoot of the thermal law-of-the-wall with an indistinct log-linear
region.

Although the STANS predicts 2 possible separation of the
laminar boundary layer, no separation was observed in the test
section of the present smdy. Both adverse pressure-gradient
cases used in the boundary layer investigation were checked
for separation. A 3/4-in.-long wft on the end of a 2-ft rod was
used to probe the near-wall boundary layer over the entire plate,
and no separation was detected. In addition, for the region of
interest the experimental Stanton number distribution has a
smooth distribution well into the transition region, showing no
sign of separation. Third, the skin-friction data obtained from
the measured velocity profiles do not show a near-zero value
(a necessary condition for separation) anywhere along the test
plate.

Due to paper length restrictions, the mean velocity and tem-
perature profiles for the K2 case only are shown in this paper
in Figs. 12 and 13. For the K2 case, the mean velocity profiles
followed the laminar computational solution up through station
4. Consistent with the Stanton number results, which show that
transition does not start until after station 5, the mean velocity
profiles indicate that the transition starts between stations 5 and
6. The flow is transitional for stations 6 through 9 and reaches
the fully turbulent profile for stations 10 to 13. One problem
related to transitional velocity profiles in an adverse pressure
gradient is the determination of the near-wall mean velocity
profile in the early transition region. Due to the reduction in
skin friction relative to the zero-pressure-gradient case, the near-
wall laminar profiles of the decelerated flows move higher away
from the U* = Y * curve as Re, increases downstream and then
move back toward U* = ¥ * once transition starts. As a result,
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there is the question of where the early transitional profiles
should lie for Y * < 10. In the absence of any theoretical velocity
profiles or proven numerical predictions as guidelines, the
choice of the location of the near-wall velocity profiles relative
o the U~ = Y* curve can have a significant effect on the
determinarion of the skin-friction coefficient in the early transi-
tion region. For the purpose of this study, the location of the
first few near-wall data points were chosen to be close to the
U* = Y~ curve so as to provide a smooth transition in G from
its laminar to turbulent values. In the turbulent flow region
(stations 11-13), the velocity profiles apparently have a short-
ened log-linear region with a steeper slope.

The mean temperature profiles for the K2 case are shown in
Fig. 13. The mean temperature profiles are in good agreement
with the STANS results in the laminar region. The transition of
the temperature profiles appears to start between stations 4 and
5, which is earlier than the evolution of the mean velocity
profiles. For station 6, the mean temperature profile does not
show a trend that would match the conduction-layer correlation,
T+ = PrY ~. This can.be attributed to increased uncertainty in
determining skin friction from the transitional mean velocity
profiles and in finding the wall location (y = 0) for this station
due to the effect of the adverse pressure gradient. The uncer-
tainty in determining C; affects the uncertainty of the ¥~ and

+ values. In the turbulent region, the effect of the adverse
pressure gradient is to push the mean temperature profiles in-
creasingly below the log-linear curve of a zero-pressure-gradi-
ent flow. A curve fit of the turbulent temperarure profile in the
log-linear region, 7* = Y 3Pr, + (Pr,/0.41) In [Y /Y 3], gives
a conduction layer thickness of ¥ & = 9.8 and an average Pr,
= 0.71, while the wake region is apparently suppressed due to
the increase in the adverse pressure gradient. Although use of
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Fig. 12 Mean velocity profiies from the three-wire probe in wall units
for K2 = -1.05 x 10~°
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Fig. 13 Mean temperature profiles from the three-wire probe in wall
units for K2 = —1.05 x 10~*

the slope of T — Y™ profiles as the average Pr, has yet to be
verified for adverse pressure gradient flows, the value of Pr, =
0.71 is consistent with data from Blackwell et al. (1972). They
found that turbulent Prandt]l numbers decrease to approximately
between 0.6 and 0.8 in the log-linear region with the application
of an adverse pressure gradient. It is interesting to note that the
velocity profiles in the laminar region under an adverse pressure
gradient in U* -Y ~ coordinates have an upward trend relative
to the Couette flow correlation U* = ¥~ (due to a significant
reduction of C;) as Re, increases, while the temperature profiles
in T~ — Y~ coordinates move downward from the conduction-
layer correlation 7~ = PrY ™. which is opposite to the evolution
of temperature profiles for zero-pressure-gradient flow.

In addition, for the K2 case it is clear that the evolution of
temperature reaches fully turbulent flow through the transition
region more quickly (at station 9) than does the evolution of
velocity, which reaches fully turbulent flow at station 11. The
results above indicate that the development of thermal transport
in decelerating transitional boundary layers leads the develop-
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ment of momentum transport. Sharma (1987) also found similar
results for adverse pressure gradients due to this difference in
the thermal and momentum transport and showed that current
transitional modeling schemes fail to predict the thermal bound-
ary layer. More experimental results are needed to develop im-
proved transitional flow models.

Conclusion

As seen from the surface heat transfer results, streamwise
deceleration caused an earlier onset of transition (smaller Re,,)
relative to a zero-pressure gradient. There was a sharp decrease
in the transition onset Reynolds number (Re,,) for weak adverse
pressure gradients, while for strong adverse pressure gradients,
Re,, seemingly approached an asymptotic value. The variation
of the Stanton number distribution along the streamwise direc-
tion in the early transition region increased faster as the K vaiue
increased, refiecting a shorter transition region (based on Re, ).

The Stantor numbers for some cases followed a well-ordered
distribution until midway through transition, at which point sig-
nificant scatter and waviness developed. This region of scatter
and waviness increased with decreasing K values (or increasing
Uxo). The C; distribution obtained from the velocity measure-
ments showed a smooth curve from the laminar to turbulent flow
without the scatter and waviness seen in the Stanton number
distribution.

In the St versus Re, figures, the Stanton number distributions
are apparently above the zero-pressure-gradient turbulent corre-
lation. This difference increased as the adverse pressure gradient
increased. The Stanton number in the turbulent portion de-
creased with a milder slope downstream than the slope of the
zero-pressure-gradient turbulent correlation.

From the boundary layer results, higher negative X values
caused earlier transition onset and shorter transition lengths in
terms of Re,, Res, and Re,. Increasing the adverse pressure
gradient produced higher values of shape factor in both the
laminar and the wrbulent regions. Different from the zero-pres-
sure-gradient case, the shape factors for both of the adverse
pressure-gradient cases rose to a maximum at the end of the
laminar flow. For all cases, the shape factor had almost reached
its turbulent value by the end of transition.

For the laminar mean velocity profiles, the adverse pressure
gradient induced smaller C, values and caused the near-wall
velocity profiles to pull away from (move above) the U* =
Y™ curve at locations further downstream. However, for the
laminar mean temperature profiles, the adverse pressure gradi-
ent caused the near-wall temperature profiles to become lower
than the 7° = PrY* curve, opposite to its.effect on the velocity
profiles. The turbulent mean velocity profiles of the decelerated
flow show a shortened log-linear region with steeper slopes than
the baseline case. The mrbulent mean temperature profiles for
the decelerated fiow have thinner conduction layers (¥ ) and
lower Pr, than the baseline case. For the K2 case. a curve fit in
the thermal law-of-the-wall region results in ¥ ;; = 9.8 and Pr,
= (.71. Through the transition region, the streamwise evolution
of the temperature profiles achieved fully turbulent flow faster
than did the evolution of the velocity profiles. However, this
lag of the momentum transport behind the thermal transport in
the transition process did not appear to become more pro-
nounced with increasing negative K.
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The Effects of Adverse Pressure
Gradients on Momentum and
Thermal Structures in
Transitional Boundary Layers:
Part 2—Fluctuation Quantities

The effects of adverse pressure gradients on the thermal and momentum characteris-

S. P. Mislevy

tics of a heated transitional boundary layer were investigated with free-stream turbuy-
lence ranging from 0.3 10 0.6 percent. Boundary layer measurements were conducted

Jor two constans-K cases, KI = —0.5] X 10~ and K2 = ~1.05 x 107°. The

.T. Wang

Juctuation quantities, u', v', t', the Reynolds shear stress (wv), and the Revnolds

heat fluxes (vt and ut) were measured. In general, u'/Us, v'/U., and ot have higher
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Clemson University,
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values across the boundary layer for the adverse pressure-gradient cases thar they
do for the baseline case (K = 0). The development of v’ for the adverse pressure
gradients was more actively involved than that of the baseline. In the early mransition

region, the Reynolds shear stress distribution Jor the K2 case showed a near-wall
region of high-turbulent shear generated at Y* = 7. Ar siations farther downstream,
this near-wall shear reduced in magnitude, while a second region of high-turbulen:
shear developed at Y* = 70. For the baseline case, however, the maximum turbulent
shear in the transition region was generated at Y* = 70, and no near-wall high-
shear region was seen. Stronger adverse pressure gradients appear to produce more
uniform and higher t' in the near-wall region (Y™ < 20) in both transitional and
turbulent boundary layers. The instantaneous velocity signals did not show any clear
surbulent/nonturbulent demarcations in the transition region. Increasingly stronger
adverse pressure gradients seemed to produce large nonturbulent unsteadiness (or
instability waves) at a similar magnitude as the rurbulent Sfluctuarions such tha: the
production of turbulent spots was obscured. The turbulent spots could not be identified
visually or through conventional conditional-sampling schemes. In additior, the
sreamwise evolution of eddy viscosiry, turbulent thermal diffusiviry, and Pr, are also

presented.

Introduction

The previous paper (Part 1) reported the results of an investi-
gation into wall heat transfer, wall friction, and the mean flow
structure within the transitional boundary layer under an adverse
pressure gradient. In order to understand better the fiow struc-
ture and the fundamental physics in the transitional boundary
layer, information regarding the fiuctuating quantities is needed.
The fluctuating quantities investigated in this study include typi-
cal parameters such as the Reynolds normal and shear stresses
(u', v'*, and W), the streamwise Reynolds heat fiuxes (i@
and wr), the eddy viscosity (ey), and the turbulent thermal
diffusivity (ey), which are needed for future transitional flow
modeling and heat transfer.

Researchers such as Acharya (1985), Gostelow et al. (1994),
Gostelow and Walker (1991), and Gostelow and Blunden
(1989) have investigated transitional boundary layers subjected
10 adverse pressure gradients and have determined mean veloc-
ity distributions, integral parameters (discussed in Part 1), and
intermittency values. These researchers used an on-line inter-
mittency meter with a preset threshold value to determine the
intermittency values. Gostelow (1991) presented the velocity

Conuibuted by the International Gas Turbine Institute and presented at the 40th
International Gas Turbine and Aeroengine Congress and Exhibition. Houston,
Texas. June 5-§, 1995. Manuscript received by the International Gas Turbine
Instirute February 4, 1995. Paper No. 95-GT-5. Associate Technical Editor: C. J.
Russo.
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traces for what he considered to be zero, moderate, and strong
adverse pressure gradients, with corresponding A, values at ran-
sition onset of 0, —0.034 and —0.069, respectively. Gostelow
(1991) showed that for the strong pressure gradient (A, =
—0.069), the velocity traces are marked Dby the continuous ap-
pearance of instability waves, which show a greater uniformity
of amplitude than is present at lower pressure gradients. The
amplitude and frequency of the Tolimien~Schlichting waves
are higher than they are at lower pressure gradients and are
generally on the same order of magnitude as the fluctuations in
the wrbulent spots. In addition, Gostelow aiso stated tha: the
continuous way in which turbulence appears during transition
in an adverse pressure gradient makes the turbulent spots much
more difficult to characterize, and thus intermitency measure-
ments are open to greater error. In fact, Arnal (1984) stated
that intermitiency is less apparent even when transition ocours
under only a slight adverse pressure gradient since the instability
waves exhibit higher amplitudes, making the rurbulent spots
difficult to distinguish. These previous results seem to indicate
that the high turbulent-spot production rate and the shorter tran-
sition lengths associated with adverse pressure gradients may
be linked to some physical changes occurring in the flow struc-
wre in the transition region.

However, very little information regarding the fluctuating
quantities under adverse pressure-gradient conditions has been
documented in the literature. Recent work by Keller and Wang
(1996) and Keller (1993) has provided detailed measurements
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of flow and thermal structures for transitional boundary layers
subjected to constant X favorable pressure gradients. Since fa-
vorable pressure gradients appear to damp out oscillations and
delay transition onset whereas adverse pressure gradients cause
strong amplification of instabilities and produce early transition,
it would seem reasonable to assume that results obtained under
a favorable pressure gradient would be somewhat opposite o
those obtained under adverse conditions, and that they would
give insight into what might be expected under such conditions.

As might be expected. in the presence of a favorable pressure
gradient, the laminar boundary layer can tolerate higher stream-
wise fluctuations (1') without undergoing transition than it can
in the zero-pressure-gradient (baseline) case. With increasing
positive K values, the magnitudes of #'/U. and wv/U? are
reduced relative to the zero-pressure-gradient flow at each
streamwise location having similar intermittency (I”) values. In
addition, with increasing K values favorable pressure gradients
appear to suppress local turbulent shear generation at ¥~ =
100. The peak magnitude of the Reynolds streamwise heat flux
(ut) in the transition region is approximately 20 times that of
the wall heat flux for favorable pressure gradients, while for
the zero-pressure gradient it has a magnitude that is 17 times
that of the wall heat flux.

The results presented in this paper are intended to provide
insight into both the momentum and the heat transfer behavior
induced by an adverse pressure gradient. These results include
instantaneous vejocity signals as well as fluctuating quantities
in the form of Reynolds stresses and heat fluxes.

Experimental Program. The same test facility and experi-
mental equipment was used as described in Part 1. Briefly, a
two-dimensional, open-circuit wind tunnel was used that had a
test section consisting of a heated flat plate and a divergent
outer wall for setting constant K pressure gradients. A three-
wire probe and a hot-wire anemometry system were used to
make instantaneous measurements of velocity and temperature
in the boundary layers. The determination of the wall location
(y = 0) was guided by a single hot-wire measurement.

Detailed boundary layer measurements are made for two
cases, K1 = —0.51 X 107 and K2 = —1.05 X 107%. The free-
stream turbulence intensities at the onset of transition are 0.3
and 0.35 percent, respectively. The uncertainties of the fluctuat-
ing quantities near y/é = 0.2 are listed in Table 1.

Results and Discussion

Velocity Signals. Instantaneous velocity signals are often
helpful in showing flow characteristics and in detecting ambigu-
ous regions between transitional and turbulent flows. The instan-

Table 1 Uncertainties of fluctuating quantities

Parameter Uncertaintv (%)
v 4

v 24

E 11

;:- 12

at 4.

En _ 11

&y 12

B, 13

—

taneous streamwise velocity signals were first investigated to
see how an adverse pressure gradient affects these signais in
comparison to the effect of a zero-pressure-gradient flow (base-
line). The baseline case was conducted by Wang et al. (1992,
1996) and is documented in detail in Keller's disseriaton
(1993). The signals were taken at the y/é location where the
mns streamwise velocity fluctuations reach a maximum in the
boundaryv layer. Figure 1 shows representative velocity signals
for the baseline case along with the corresponding intermittency
(T) values for each station. These intermittency values were
determined by Keller and Wang (1995) by using v as the
criterion function, (duv/d)? as the high-pass filter, and the
*‘dual-slope’’ method on cumulative intermittency distribution
to determine the appropriate threshold values. The intermittency
value is zero for a laminar flow and 1.0 for a fully wrbulent
flow. As can be seen, the baseline signals show low-frequency
oscillations in the laminar region (stations 4 and 5). These
sinusoidal-like oscillations increase in magnitude as transition
is approached. In the transition region (station 6), there are
distinct turbulent/nonturbulent regions, which show the inter-
mittent passing of turbulent spots or turbulent wave packets.
After the spots coalesce into the fully- turbulent region. the
velocity signal (station 13) shows high-frequency flucruatons
characteristic of a zero-pressure-gradient turbulent boundary
layer.

In comparison, the velocity signals for the adverse pressure-
gradient cases, K1 = —0.51 X 10~ and K2 = -1.05 X 107,
are shown in Figs. 2 and 3, respectively. Since these two cases
have lower free-stream velocities than does the baseline case,
longer time frames are used in Figs. 2 and 3 in order to ensure
that the fiow travels approximately the same distance as the
baseline during the time frame presented. For the K1 case. the
transition region, determined from the Stanton number distribu-

-

Nomenclature

K = acceleration parameter =
Pr, = turbulent Prandtl number
Re, = local Reynolds number tion 1
T = instantaneous temperature

T = mean temperature

u',v', w' = rms value of velocity fiuc-

(w!02)(d0.ldx) tuations
Uwo = free-stream velocity at sta-

U. = friction velocity = v7./p
=T+ U. = free-stream velocity
uv = Reynolds shear stress

6 = boundary layer thickness at
0.995U,
I" = intermittency
€y = turbulent thermal diffusivity
= —u/(8T/8y)
€y = eddy viscosity = —uv/(0aldy)
7 = dimensionless distance = (x — x,)/

! ='tempear.i~xmrefﬁucmaﬁon 4 ut = sweamwise Reynolds heat (x. ~ x,)
t' = rms value of temperature fluc- flux ) )
tuations U = cross-sweam Reynolds heat Subscripts
U, V = sweamwise and cross-stream flux = = free-stream value

instantaneous velocity
U. V = mean streamwise and cross-
stream mean velocity compo-

x = streamwise distance from
leading edge
= normal distance from wall

e = end of transition
s = start of transition
w = at the wall

nents Y * = dimensioniess distance from

u, v, w = instantaneous velocity fluctua-
tions

Joqmal of Turbomachinery

wall = yU./v
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Fig. 1 Representative velocity signals from the three-wire probe for the
baseline case taken at Up, (U = 1224 m/s)

tion and the mean velocity profiles in Part 1, starts just after
station 4 and ends between stations 6 and 7. The nature of the
velocity signals for the K1 case are different from those for the
baseline case in the following respects: (a) in the pretransition
laminar region, no obvious oscillations are observed, (b) in the
transition region (stations 5 and 6), there are no distinct turbu-
lent/nonmrbulent regions (or intermittency') as were found for
the baseline case, and (c) in the turbulent region, the frequencies
of the velocity fluctuations are lower than in the transition region
for the K1 case, whereas for the baseline, the frequencies of the
turbulent fiuctuations are maintained at about the same level as
in the trboient wave packets of the baseline transition region.
Armal (1984) showed that for decelerated flows, the instability
waves in the pretransition region are smaller and look similar
to those for a zero-pressure gradient. However, just prior to
transition onset (1.5 cm for Arnal, 1984). the unstable waves
can reach amplitudes larger than those for a zero-pressure gradi-
ent. In the current study, the fast change from pretransition
laminar to transitional flow is a likely reason that these high-
amplitude waves in the pretransition region were not captured.

The velocity signals for the K2 case are shown in Fig. 3.
From the Stanton number distribution and the mean velocity
profiles in Part 1, transition was determined 1o start after station
5 and end around station 10. In the pretransition laminar region
(station 5), only very weak but relatively uniform sinusoidal
oscillations are seen. In the early (station 6) to midtransition
region (stations 7 and 8), the velocity signals are obviously
dominated by low-frequency fluctuations. However, calculation
indicates that these seemingly Jow oscillation frequencies are
much higher than Tollmien—Schlichting wave frequencies due
to the low free-stream velocities (U, = 2.88 m/s). Even in
the turbulent region, the velocity signals do not contain the
high-frequency fluctuations that were present in both the K1
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case and the baseline. but. similar to the X1 case, the frequencies
of the velocity fluctuations in the turbulent region are lower
than those in the transition region. For the current study, velocity
signals across the boundary layer for the transition region were
also investigated in addition to those at u.,, . However, there
was not any appreciable difference in characteristics between
the signals for each station.

An attempt was made to determine the intermittency in the
transition region; however, due to the lack of distinguishable
wrbulent/nonturbulent regions, the method of cumulative
power density function used by Hedley and Keffer (1974).
Kuan and Wang (1990), and Keller and Wang (1995) for de-
termining intermittency gave unreliable results. Even at stations
located far downstream in the wrbulent region, this method
could not consistently predict an intermittency of 1.00 in the
inner boundary laver because some patches of reduced fluctuz-
tion frequencies were mistakenly selected as nonturbulent re-
gions by the current method. These lower frequency oscillations
were conjectured to be partially due to the lower free-stream
velocities (Uxy = 8.13 m/s for K1 and U., = 2.88 m/s for K2).
However, Zhou (1993) used free-stream velocities on the order
of 2 m/s with FSTI between 3 and 5 percent in a zero-pressure-
gradient flow and found clear wrbulent/nonturbulent regions.
which yielded consistent intermittency results. Therefore, lower
free-stream velocities may be less a cause of the lack of distine-
tve intermittency than are the adverse pressure gradients.

This raises the question of the nature of natural turbulent
spots (in contrast to those artificially generated) in a transitional
boundary layer subjected to an adverse pressure gradient. Igara-
shi et al. (1988) stated that they had observed the formation of
turbulent spots in a zero-pressure gradient, but that no spots
were observed in the largest adverse pressure gradient case for
all of the free-stream velocities tested (~8 to 35 m/s). The
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Fig. 2 Representative velocity signals from the three-wire probe for K1
taken at up,, (U = 8.13 m/s)
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Fig. 3(a) Velocity signais from the three-wire probe for K2 taken at

Unax (Uao = 2.88 m/s)

pressure gradient was defined based on the half-angle of a diver-
gent channel (3.6 deg for the largest pressure gradient), and
the free-stream velocity distribution was approximately linear.
Amal (1984) also showed that velocity signals recorded in

. the middle of the transition region for strong adverse pressure

gradients did not present any trace of turbulent spots. For this
current study, in which the tests were conducted under a con-
stant K pressure gradient, there also are no clearly defined turbu-
lent/nonturbulent regions in the velocity signals.

Knapp and Roache (1968) stated that there are physical dif-
ferences berween the development of vortex trusses in zero and
adverse pressure gradients. Since the initiation of turbulent spots
occurs through the appearance of high-frequency fluctuations
near the heads of the vortex trusses (or hairpin vortex legs), a
change in the development of these trusses could possibly affect
the development of turbulent spots through the transition region.
In addition, the fact that an adverse pressure gradient causes
transition to become a continuous process with only a short
hesitation between the breakdown of wave sets may *‘disguise’’
any developing turbulent spots, especially for stronger gradi-
ents. For the current results, this makes the caiculation of inter-
mittency and turbulent spot production rate unreliable. There-
fore, a nondimensional length scale, 7 = (x — x)(x, = Xy,
will be used in order to reflect the relative location of each
station within the transition region for the decelerating cases
(note: < 0 indicates the pretransition laminar region and 7
> 1 indicates the posttransition turbulent region).

Streamwise Velocity Fluctuations (z'). The streamwise
evolution of &’ for the K1 case is shown in Fig. 4. The zero-
pressure gradient (baseline) results are also shown for the sake
of comparison. For the K1 case, the change of u’' along the
streamwise direction in the pretransition (or late-laminar) re-
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Fig. 3(b) Velocity signais from the three-wire probe for K2 taken at
Uinax (Uuo = 2.88 m/s)

gion appears small when compared with the baseline case. How-
ever, once transition starts, the production of u' increases faster
than in the baseline case (not shown here; see Wang et al,
1996). The u’ reaches a maximum value of about 16 percent
at station 5. The major difference in the u’ distribution between
the baseline and the K1 case is the broad region (I0=Y" =
70) in which the u’ value reaches a virtual plateau (15 ~ 16
percent) in contrast to the sharp peak of the production region
for the baseline case near Y* = 20. As the end of transition
approaches, the u’ distribution across the boundary layer be-
comes similar to that of the baseline but with magnitudes about
5 percent higher than the baselin® case between Y* = 20 and
Y* = 200 and up to 30 percent higher in the near-wall region
Y+ < 20). '

The streamwise evolution of u'/U. for the K2 case is shown
in Fig. § in wall units. As for the K1 case in Fig. 4, in the
pretransition region the change of u’/U. in the streamwise
direction is smaller and is of lower magnitude than the baseline.
However, once transition starts, there are two distinct peaks of
equal magnitude for station 6 at ¥* = 7 and Y™* = 30, respec-
tively. These peaks develop into 2 broad region of relatively
constant ¥’ from ¥~ = 15to ¥* = 50 at station 7 (n = 0.40),
which is similar to K1 at 7 = 0.43. In the turbulent region
(downstream of station 10), the near-wall peak ofu'lU-.atY”
= 15 appears to still be changing, while from Y*=50twY"
= 200, 4'/U. does not vary from station to station. Due to the
lower free-stream velocity (U= = 2.88 m/s) of the K2 case,
more stations are involved in the transition region, and measure-
ments with the three-wire probe can reach Y* = 5 due to the
thicker boundary layer. In general, u'/Us has a broader spread
of elevated values across the boundary layer for the adverse
pressure-gradient cases than for the baseline case.
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Cross-Stream Velocity Fluctuations (¢’). The cross-
stream evoluton of v’ for the K1 and K2 cases is shown in
Figs. 6 and 7, respectively. The development of ¢’ for the K1
and K2 cases is more active than it is for the baseline. Through-
out transition, the v’/ U, values of the decelerated cases continu-
ally exceed the corresponding values for the baseline and remain
higher into the trbulent region. In the mrbulent region for the
baseline case (Fig. 6), the values of v’ for 40 < ¥~ < 200 are
fairiy constant, with a value of 3.7 percent. However, for the
K1 case, such a region of constant v’ values is only seen immedi-
ateiv after the end of transition at station 7 and is not present
in the K2 cases (Fig. 7). Farther downstream into the fully
turbulent region, a similar region of constant v’ values evolves
into a distribution with decreasing magnitudes of v’ toward the
wall. For the zero-pressure-gradient case, the evolution of v’
reaches its maximum value in the middie of the transition reglon
and maintains at that maximum value thronghout the remaining
transition region and into the turbulent region, as will be shown
later in Fig. 8. The explanation for this phenomenon provided
by Kuan and Wang (1990) is that the increased turbulent energy
and dissipation reach equilibrium earlier in the cross-stream
direction than they do in the streamwise direction. However, in
the decelerated cases, the v’ evolution seems to be correlated
more closely with the «’ distribution. It can be seen in both
Figs. 6 and 7 that the v'/U.. distribution reaches its maximum
value at station 5 (7 = 0.43) for the K1 case and station 8 (n =
0.60) for the K2 case. Then, similar to u’/U., v’/ U. gradually
decreases to its fully turbulent value. This trend of development
for v’ indicates the significance of increased magnitudes of
cross-stream turbulence energy and the involvement of v’ in
the whole transition process.

The streamwise evolution of the maximum u'/U. and v’/ U.
at each station for the K1 and K2 cases is shown in Fig. 8.
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The decelerated cases seem to be more effective in transferring
turbulence energy from the streamwise direction to the cross-
stream direction in the transiton and turbulent regions. That
this mrbulence transfer is more effective is eviden: from the
higher v o, values throughout the transition for both: the K1 and
K2 cases as compared to the baseline. In the turbuient region.
Ume increases with increased adverse pressure gradients, and
for the stronger adverse pressure gradient (the K2 case), there
is less reduction in up,, from the transition to the wturbulent
values. Looking at v, , there is a strong increase in v’ in the
transition region, and it continues to be higher than the baseline
case into the turbulent region. It is also plausible that the in-
creased v’ values may not indicate a passively effective energy
transfer from »’ to v’, but rather they indicate an active produc-
tion of turbulence energy in the cross-stream direction.

Reynolds Shear Stress (uv). The distributions of the
Reynolds shear stresses for the X1 and K2 cases ars shown in
Figs. 9 and 10. Baseline Reynolds shear stress distriputions at
three selected stations (at the onset and the end of transition
and at the location with the highest ') are also inciuded for
comparison. For the higher adverse pressure-gradien: case, K2
in Figure 10, the pretransition turbulent shear stress is essen-
tially negligible. However, a sharp increase in the turbulent
shear, about 410 percent of the wall shear, occurs 2: station 6
(1 = 0.20) in the near-wall region at Y* = 7 with a second
peak forming at Y™ = 25 at about 60 percent of the wall shear.
At locations farther downstream within the transiton region,
the near-wall maximum turbulent shear somehow reduces in
magnitude while the turbulent shear, between Y* = 10and ¥V~
= 100, rises significantly, as can be seen at station 7 (n =
0.40). At station 8 for the K2 case in Fig. 10, the near-wall
region of the turbulent shear decreases to 130 percent of the
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wall shear, but a concentrated high-turbulent shear, about 310
percent of the wall shear, appears around ¥* = 70, which
corresponds to the region of maximum turbulent shear at station
7 for the baseline case. It seems that this turbuient shear peak
at Y* = 70 corresponds to the breakdown of the rising vortex
tubes away from the wall, and that this is the same mechanism
that induces the high-turbulent shear at Y* = 70 for the zero-
pressure-gradient case. Therefore, it is clear that the early near-
wall high-turbulent shear generated at Y™ = 7 at station 6 and
the subsequent spreading of wurbulent shear from station 6 to
station 7 are unique characteristics triggered by higher adverse
pressure gradients.

It seems that not until the later stages of transition does the
increased wrbulent shear away from the wall at Y * = 70 impose
on the wall shear and affect the trbulent shear across the bound-
ary layer. As can be seen in Figs. 9 and 10, in contrast to the
baseline case, neither the K1 nor the K2 cases have a region of
constant turbulent shear in the fully turbulent boundary layers,
although the distribution of %v at station 13 for K2 is flatter for
Y~ < 100 than it is at station 13 for the K1 case (Fig. 9). For
the K1 case in Fig. 9, no near-wall high-turbulent shear (similar
10 that at Y * = 7 of station 6 for the K2 case) is observed in
the transition region, whereas the typical high shear, around ¥~
= 70, reaches 500 percent of the wall shear. This may be caused
by either (a) a short physical x length over transition due to
the associated higher velocities (U.o = 8.13 m/s) so that the
event of near-wall high-turbulent shear was not captured or (b)
the fact that K1 is a milder adverse pressure gradient than K2
50 that the near-wall high-turbulent shear production is not pro-
nounced. In summary, the effect of the adverse pressure gradient
significantly increases turbulent shear production throughout the
wransition region, which is opposite to the effect of favorable
pressure gradients (Keller and Wang, 1996), which reduce the
ratio of turbulent shear over wall shear in comparison to the
2ero-pressure-gradient case.
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rms Temperature Fluctuations (¢’). The distributon of
rms temperature fluctuations, ¢', is shown in Fig. 11 for the X2
case only. These rms values are normalized by 7., — T and are
presented in wall units. The evolution of ¢’ for the K2 case
during transition is similar to that of u' in Fig. 5. Two peaks
appear in 1’ at station 6 in Fig. 11, although the near-wali peak
at Y+ = 13 does not exactly correspond to the peak position
of u' (Y~ = 7) in Fig. 5. In the later stages of transition. the
t' distribution at station 8 maintains a nearly constant value of
12 percent in the region of 10 < Y™ < 50 before receding to
the asymptotic values in the turbulent boundary layer at station
13. The ¢’ values in the turbulent flow are larger than they are
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for both the K1 case (not shown, see Mislevy, 1993) and the
baseline case in the near-wall region. For the K2 case, the ¢’
distribution reaches the value of a turbulent flow at about station
10 or 11. The development of ¢’ lags behind that of mean
temperature, which was shown in Part 1 to reach fully mrbulent
flow at station 9. In other words, the evolution of rms tempera-
ture fluctuations under adverse pressure gradients does not ap-
pear to keep up with that of the mean temperature. Different
from the ' distributions, the ¢’ distributions in the turbulent
region for the K2 case show a region of constant value, about
10 percent of 7, — T, between Y* = S and ¥* = 10. Swonger
adverse pressure gradients appear to produce more uniform and
higher near-wall temperature fluctuations in the transition and
trbulent regions.

Streamwise and Cross-Stream Reynolds Heat Fluxes (uf
and of). The streamwise Reynolds heat flux, w7, normalized
by the wall heat flux, is shown in Fig. 12 for the K2 case. For
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the baseline case, the magnitude of the peak value of u7 in the
transition region is approximately 17 times greater than the wall
beat flux, while for favorable pressure gradients it is 20 times
greater than the wall heat fiux (Keller and Wang, 1996). How-
ever, for the K1 and K2 cases of this study, the peak magnitude
is only five to six times greater than the wall heat flux. As can
be clearly seen in Fig. 12, u develops twin peaks at around Y *
= 15 and 50 at station 8 for the K2 case and migrates toward
the wall in late transition.

In the fully turbulent region for both the K1 and K2 cases,
the maximurm uf occurs closer to the wall at Y* = 15 with a
magnitude that is about three times greater than the wall heat
flux. This uf value is larger than that of the baseline case. In
comparison to the baseline case in Fig. 12, the adverse pressure
gradients increase the pear-wall 7 in the late-transition and
wrbulent regions, but their effect on the Reynolds heat fluxes
is not as great in the outer boundary layer (¥Y* > 30). The
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term 8uz/Ox from the energy equation for a two-dimensional.
incompressible. turbulent boundary layer is typically considered
to be negligible in a fully developed turbuient boundary layer.
However. although this term seems to be 2 significant contribu-
tor in the transition region for a zero-pressure-gradient flow. as
was pointed out by Keller (1993), it appears to still be negligi-
ble for transitional boundary layers developing under adverse
pressure gradients.

The u are shown in Fig. 13 for the K2 case. For the adverse
pressure-gradient case, 7 reaches a maximum value of 80 per-
cent of the wall heat flux at station 8 (n = 0.60). This peak
value of vf for the K2 case occurs in the transition region and
is about twice as large as that of the baseline case. However,
in the tarbulent region. the magnitude of vf is about the same
for both the K2 and the baseline cases. Similar to the effect on
ut, increased adverse pressure gradients increase vz in the inner

boundary layer.

Eddy Viscosity and Turbulent Thermal Diffusivity. The
eddy viscosity, ¢y, and the wurbulent thermal diffusivity, e,
normalized by their molecular counterparts, are shown in Fig.
14 for the K2 case. In the transition region for the K2 case, the
€x develops faster with respect to the baseline case with a peak
at y/8 = 0.4 becanse the ey/v ratios at 7 = 0.6 have peak
values similar to those at = 1.0, whereas, for the baseline
case, ex/v at'n = 0.57 is still evolving toward higher values at
1 = 1.0. This peak remains fairly constant in magnitude through
the torbulent region, although the ¢y, for the baseline continues
to grow in the turbulent region and becomes higher than the €,
for K2 by station 13. In the transition region. the ey also devel-
ops faster than for the baseline case, and after reaching a maxi-
mum at y/§ = 0.4, it remains relatively constant across the
boundary layer with no distinct peak as for the €. In the trbu-
lent region, as the flow moves downstream, the ¢ develops a
small peak between y/§ = 0.4 ~ 0.5. Relative to the same
normalized transition length-scale value, 7, the adverse pressure
gradient seems to cause an earlier and more rapid increase in
the development of the ¢, and the ¢ throughout the transition
region than does the baseline. Comparison of the ¢, and the ey
for the K2 case shows that the ¢, increases faster to its maximum
value with a distinct peak at y/é = 0.4.

As also seen in Fig. 14, the Pr, for the K2 case is lower than
that of the baseline case in the transition region. However, in
the turbulent region. the Pr, for the K2 case becomes larger and
decays slower than that of the baseline case. The Pr, for the
adverse pressure-gradient case appears to exhibit a larger region
of relatively constant Pr, value than does the baseline case in
both the transition and the turbulent regions. However, as men-
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Fig. 14 Streamwise evolution of eddy viscosity, turbulent thermal diffu-
sivity, and Pr, for K2 and the baseline cases

tioned in Part 1, Blackwell et al. (1972) showed that stronger
adverse pressure gradients resulted in lower Pr, values in the
turbulent region. Also. using the slope of the present mean
temperature log-linear region gives Pr, = 0.71 in Part 1. This
discrepancy is likely related to the difficulty in experimentally
measuring accurate v7 values. It should be noted that Blackwell
et al. did not experimentally measure the Pr, but determined it
by assuming a constant heat-flux region in the turbulent bound-
ary layer and by assuming that the total heat flux in this region
was equal to the measured wall heat flux. By subwracting the
molecular heat flux from the total keat flux, vz was obtained. A
detailed discussion and comparison of this method and experi-
mentally determined 7 values can be found in Keller (1993).
Further research is required to specifically investigate the Pr,
measurements and to resolve the discrepancy.

Conclusion

The instantaneous velocity signals taken at the y/é location
where u’ is 2 maximum did not show any clear turbulent/
nonturbulent demarcations in the transition region. As a result.
reliable intermittency values could not be obtained. It seems
that stronger adverse pressure gradients affect and disguise the
production of turbulent spots. In fact, even under weak adverse
pressure gradients, the magnitude of the waves can be of the
same order as the magnitude of the mrbulent spots, making the
determination of a threshold value difficult.

The u' for the K1 and K2 cases exhibited a broad region
(from Y™ = 10 to 65) in which the &’ value reached a virtual
plateau in the transition region in contrast to a peak-production
region for the zero-pressure-gradient baseline case near Y™ =
20. The development of v’ for the adverse pressure gradients
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was more active than that of the baseline. The v’/ U, values for
the decelerated cases increased distinctively to approximately
twice the baseline value near the onset of transition and continu-
ally exceeded the baseline values throughout the transition and
urbulent regions. The application of an adverse pressure gradi-
ent is apparently effective in transferring turbulence energy
from the streamwise direction to the cross-swream direction in
the transition region.

The Reynolds shear stress distribution in the early transition
region for the stronger adverse pressure gradient (K2 = ~1.05
X 10~°) showed a near-wall region of high-turbulemt shear
generated at ¥* = 7. At locations farther downstream, this near-
wall shear reduced in magnitude, while a second region of high
shear developed at ¥~ = 70. For the baseline case, however,
the turbulent shear in the transition region was generated a1 ¥ *
= 70, and no near-wall high-shear region was seen.

The peak magnitde of the streamwise Revnolds hea: fiux
(ut) in the transition region for the decelerated cases was found
to be about a third of that for the baseline case. The term
Gut/0x (from the wrbulent two-dimensional energy equation)
is less significant in the transition region when the boundary
layer develops under decelerated conditions than under 2 zero-
pressure gradient. However, in the late-transition and turbulent
regions, the adverse pressure gradients caused an increase in
the near-wall w. The v values in a decelerated transitional
boundary layer are higher than those in the baseline case.

Both the ¢, and the ey developed faster in the K1 and K2
cases than they did in the baseline cases and reached equilibrium
values in the middle of the transition region. However, the ¢,,
and the ey of the baseline case eventually outgrew the equilib-
rium values of the ¢,, and the ¢ in the later part of the deceler-
ated transitional flow and maintained these higher values in the
zero-pressure-gradient rbulent boundary layer.
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Effects of leading-edge roughness on fluid flow
and heat transfer in the transitional boundary layer

over a flat plate
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Abstract—An experimental study was undertaken to gain insight into the physical mechanisms that affect

 the laminar-turbulent transition process downstream of the leading-edge roughness condition. Sandpaper

strips and small cylinders were attached to the leading edge of a heated test surface to simulate leading
edge roughness typical of gas turbine blades. The roughness Reynolds numbers ranged from 2 to 2840.
For free-stream velocities less than 5 m s~7, the maximum roughness height was the primary contributor
to deviations from the undisturbed case. irrespective of the roughness geometry. At higher free-stream
velocities (57 m s~*), three of the rough leading-edge conditions induced a dual-siope region between the
laminar and turbulent Stanton number correlations. Boundary layer measurements indicated that the first
segment of the dual-slope was laminar, but the wall heat transfer significantly deviates from the laminar
correlation. The second segment was transitional. The dual-slope behaviour and a waviness in the Stanton
number distribution observed at higher free-stream velocities are believed to have been caused by nonlinear
amplification caused by the finite disturbances at the leading edge. © 1997 Elsevier Science Ltd.

INTRODUCTION

The raising of operating temperatures to increase
overall turbine efficiency has led to the need for accu-
rate assessment of thermal loads in the turbine. Tur-
bine blades experience significant thermal loading,
and Mayle [1] and Hodson et al. [2] indicated that it
is common for over half of the flow surrounding the
turbine blades to experience laminar-turbulent tran-
sition, particularly in low pressure turbines. A better
understanding of the physical mechanisms involved
in the transition process is therefore desirable so that
a more accurate assessment of the turbine blade tem-
perature variations can be made possible through
improved models of transitional heat transfer.

Of the many factors that can influence laminar-
turbulent transition, the effect of leading-edge rough-
ness on the process has not been clearly determined,
particularly with regard to heat transfer behavior. Sur-
face roughness can be significant to turbine vanes and
blades in many ways, especially in a high pressure
turbine. A study by Taylor [3] that measured the sur-
face roughness characteristics of two used (i.e., blade
surfaces had been degraded as a result of “in-service”
use) turbine blades indicated the following:

+ Author to whom correspondence should be addressed.

(1) Roughness is usually greatest at the leading edge
of the blade.

(2) Roughness consists of a relatively uniform dis-
tribution with a few isolated peaks, according to
a statistical analysis.

The second observation made in Taylor’s study was
based on the large positive value of kurtosis (~10; a
zero value represents a Gaussian distribution) found
in the study. Such large values of kurtosis indicate
that the structure of the roughness samples used in
the study tended to have a few isolated peaks.
Roughness can also be significant to new turbine
blades because a coating may have been added to the
blade to enhance its life characteristics by increasing
resistance to erosion and high temperatures. The
addition of the coating to the blade can leave the
surface significantly rougher than an uncoated blade.
Boynton er al. [4] demonstrated that the overall
efficiency of a turbine with new spray-coated blading
(10.16 um rms roughness) was 2.1 percentage points
lower than when polished blading was used (0.76 um
rms roughness). Blair [5] also showed that increasing
the surface roughness by an order of magnitude dou-
bled the heat transfer between the flow and the blades.
Also, unnecessary design constraints may be imposed
as safety factors to anticipate the unknown effects of
roughness. The characteristics of leading-edge rough-
ness described by Tayior and the unknown effects of
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FSTI free-stream turbulence intensity

. v dU
K acceleration parameter = — 3 *
X

LEC leading-edge condition (=

Pr Prandtl number

Re,  Re, marking the onset of dual-slope
behavior in the St distribution

Re,  Re,marking the onset of the second
slope in the dual-slope St behavior

Re. local Reynolds number = U x/v

St local Stanton number

U, free-stream velocity

U Uu

u RMS streamwise velocity fluctuation

u, friction velocity. \/t./p

uv  {ime-averaged Reynolds shear stress

vt time-averaged Reynolds cross-stream
heat flux

NOMENCLATURE

X streamwise distance from the leading
edge of the heated test surface

Xyusy streamwise unheated starting length
(2.5 cm for this study)

% coordinate normal to test surface

Y+ yU)v.

Greek symbols
0 boundary laver thickness at 0.995U .
o* displacement thickness

d U
= J; (1 - a’)dy

o density
T shear stress on the test surface
v kinematic viscosity.

gas turbine blade roughness on fluid mechanics and
heat transfer suggest the need to understand the influ-
ence of leading-edge roughness on transitional heat
transfer behavior.

Early work on the relationship between roughness
and transition has been concerned with the location
of the onset of transition, usually defined by using
flow visualization or by a sudden change in the total
pressure near the test surface as the maximum rough-
ness height changes. Fage and Preston [6] reported
that as roughness height increased, the transition
point moved progressively closer to the physical
location of the roughness element disturbing the flow.
Dryden [7] suggested that roughness elements tend to
destabilize the boundary layer flow and that there may
be a connection between the instability induced by
the roughness element and classical stability theory.
Klebanoff and Tidstrom [8] examined the possible
connection to stability theory. Their results indicated
that the presence of roughness elements in the laminar
region of the boundary layer magnified the amplitude
of the Tollmien-Schlichting oscillations present in the
early transitional boundary layer. However, the
region of frequencies amplified were still within the
range of Tollmien-Schlichting wave frequencies pre-
dicted by linear stability theory.

Many studies detailing the response of the momen-
tum boundary laver to changes in surface roughness
have been conducted, but they have been limited to
the response of the fully turbulent boundary layer to
surface perturbations. The study performed by Jacobs
[9] indicated that while velocity profiles responded
slowly to a change in surface roughness. a distinct
change in velocity profile was noted. Klebanoff and
Diehl [10] showed that different kinds of roughness
covering the initial portion of an otherwise smooth

test surface produced different boundary layer struc-
tures on the surface downstream of the roughness. If
sandpaper roughness was used, the velocity profiles
gradually reattained self-similar behavior and the
energy spectra indicated a boundary layer flow very
close to that of a turbulent boundary laver formed due
to natural transition. However, if spanwise cylinders
were used to disturb the flow, the velocity profiles
required a much greater streamwise distance to ach-
ieve self-similar behavior. and the energy spectra indi-
cated a concentration of energy in the lower frequency
range.

Other studies by Antonia and Luxton [11, 12] and
Androepoulos and Wood [13] suggested that bound-
ary layer flow responds to a change in the surface
roughness in a gradual progression from the near-wall
region that eventually expands to cover the entire
thickness of the layer. The growth of the inner layer
was observed through variations in normalized vel-
ocity profiles. Antonia and Luxton suggested that the
presence of the inner layer made local similarity inap-
plicable. based on the results of a turbulent kinetic
energy balance.

Studies of heat transfer behavior resulting from sur-
face roughness characteristics have been examined,
but, as before, the studies have been limited to the
fully turbulent flow regime. Ligrani et al. [14] and
Taylor et al. [15] obtained similar resuits of increasing
heat transfer with increasing roughness. and a more
recent study by Taylor er al. {16] showed that a step
change from a rough surface to a smooth one causes
a reduction in heat transfer. The Stanton number
downstream of the change to a smooth surface initially
decreases to a value below the smooth-wall value:
then the values asymptotically recover the smooth
wall values.
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strong acceleration. film cooling etc.). In order to fun-
damentally understand the leading-edge effect on flow
structure and heat transfer, this study focuses on flat
plate roughness. The other parameters will be con-
sidered later. Hence, this study may not be directly
applicable to gas turbine design, but it has the poten-
nal for improving the understanding of the roughness
effect on heat transfer in the more complicated
environment of the gas turbine.

EXPERIMENTAL PROGRAM

Test facility

The test facility used is an open circuit, blowing-
type wind tunnel [see Fig. 1(a)]. Air enters the system
by passing through a filter designed to remove all
particulate larger than 5 um. A honeycomb passage is
used to straighten the flow and a heat exchanger which
is used to control the steadiness of the free-stream
air temperature to within 0.5°C. Suction is employed
upstream of the test surface to facilitate the formation
of a boundary layer from zero thickness at the elliptic
leading edge. The test section is a channel that mea-
sures 2.4 m in the streamwise (x) direction, 0.92 m in
the spanwise (z) direction (parallel to the leading
edge), and 0.15 m in the cross-stream (y) direction
{moving away from the heated test surface). The span-
wise to cross-stream ratio of 6 was determined to be
sufficient to generate an approximately two-dimen-
sional (2-D) boundary layer along the centerline of
the 0.92 by 2.4 m test surface. Measurements made by
Keller [17] with the test facility indicated that laminar
and turbulent portions of the boundary layer were
uniform 20 cm above and below the test surface
centerline in the spanwise direction. The three-dimen-
sionality of the transition portion reduced the span-
wise uniformity to 8 cm above and below the cent-
erline. For the purposes of the current study all
measurements on the surface and within the boundary
layer were made along the centerline of the test
surface.

The test surface is a composite design consisting of
several layers [see Fig. 1(c)]. Each of the layers shown
in Fig. 1(c) is uniform and continuous over the entire
area of the test surface. The foil heater, custom-
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The effect of leading-edge roughness on an actual
gas turbine blade is undoubtedly a function of the Profile measurement
shape of the blade (leading-edge curvature) and the location
‘gas turbine environment (high turbulence intensity, Flow Direction 229

== | |

91] : A ] 43
[6 : —ee—s. 0i.0m0.b
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178 Thérmocouples
Dimensions in centimeters
(b)
Type E Thermocouples (0.075)
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4 3M-413 Tape (0.04)
™ ~— Aluminum (1.56)
\—Heatcr (1.9)
[~—~——Lexan (4.68)
le——Fiberglass
Insulation
(100)
Dimensions in millimeters
©

Fig. 1. (a) Wind tunnel test facility; (b) thermocouple
locations on heated test wall : (c) cross-section of heated test
surface;

designed by Electrofilm Inc., has heating elements
covering 90% of the heater surface area. The foil

“heating element is covered by a silicon rubber coating

with a 1.56 mm sheet of aluminum vulcanized to one
side. A layer of 3M-413 tape attached to the other side
of the aluminum sheet contains 184 E-type ther-
mocouples (bead diameter: 0.076 mm) distributed
over the entire test surface, as shown in Fig. 1(b). The
thermocouple beads are positioned such that they are
in contact with the inner side of a 1.56 mm Lexan
sheet. The outer side of the Lexan forms the outer
layer of the test surface. which is in contact with the
free-stream air within the test section. The quality
of the surface smoothness was that of the standard
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smoothness for commercially available, optically clear
Lexan. The other side of the foil heater is supported
by a 4.68 mm Lexan sheet which, in turn, is insulated
with 30 cm of R-30 fiberglass.

The 2.4 by 0.92 m channel wall opposite the heated
test surface is flexible to allow for adjustment of the
streamwise pressure gradient. For the purposes of this
study. this “outer wall” was adjusted to accommodate
the growth of the boundary layer so that the stre-
amwise pressure coefficient varied less than 1%. In
addition. the outer wall contains fourteen holes (2.54
cm in diameter) along the centerline, as shown in Fig.
1. The first hole, called station 1, is located 20 cm from
the leading edge of the test surface, and subsequent
holes or stations are spaced 15 cm from each other.
These stations permit the structure of the boundary
layer to be measured as it develops in the streamwise
direction. Additional information concerning the
design of thg wind tunnel and the composite heated
test surface is provided in Kuan [18] and Zhou {19].

Roughness conditions

Taylor's [3] study indicated that the leading edge of
a gas turbine blade is usually the roughest area of
the blade and that the rough regions contain isolated
peaks. Based on these results, the present study used
a sandpaper strip placed at the leading edge of the
test surface to simulate the roughened leading-edge
condition. The strips of sandpaper were 5 cm long
in the streamwise direction and covered the entire
spanwise length of the leading edge. The isolated peak
nature of the roughness was investigated separately,
using cylinders placed at the leading edge. Only one
cvlinder was attached to the leading edge at a time,
and like the sandpaper strips, the cylinder length span-
ned the entire leading edge.

To determine the appropriate scale of the leading-
edge roughness and the appropriate free-stream vel-
ocity in the test section, information concerning these
parameters in gas turbine engines was obtained. Tay-
lor’s [3] measurements, using two types of turbine
blades. indicated roughness heights between 1.46 and
10.7 um. Elovic [20] suggested a roughness range from
1.32 to 12.7 ym and also a unit Reynolds number,
Ulv, of 2.76 x 10’ m~! as being typical around a tur-
bine blade. A detailed study involving measurements
on 58 used blades (from both military and civilian
aircraft) conducted by Tarada [21] indicated rough-
ness values ranging from 2 to 161 ym. Using the unit
Reynolds number provided by Elovic and the réported
roughness values, a range in roughness Reynolds
number was established and is shown in Fig 2. Also
shown in Fig. 2 are the grain sizes of the sandpaper
strips (in grains per linear inch~-GRIT or number of
grains per 25.4 mm) and the cylinder diameters (in
inches i.e. 0.030 = 0.030 in = 0.762 mm) used to con-
duct this study. The range in roughness Reynolds
number shown for the cylinders and sandpaper was
determined by using the maximum (19.5 m s™') and

Elovic (1992) ‘+__'__. '
Tarada (1987) ———
Taylor (1991) -—a

1200 GRIT

180 GRIT ._I—I

40 GRIT *—=

030 Cylinder A
0625 Cylinder "—=
091 Cylinder ) ' "T—'

10° 10 10* 100 10t
Roughness Reynolds Number

Fig. 2. Representative roughness Reynolds numbers of
blades from in-service engines and the range covered by the
present study.

minimum (2.87 m s~') free-stream velocities obtained
in the test facility.

A simple model was used to estimate the average
roughness height of the sandpaper. The GRIT speci-
fication was used as an indicator of roughness height.
For example, the 1200 GRIT sandpaper specification
suggests that each grain is approximately 21.2 ym in
length. Assuming that each grain is hemispherical and
that the backing paper is completely covered with
grains, the height of each particle is half the length. or
10.6 ym in this case. This method of height estimation
was used for all of the sandpaper cases shown in Fig.
2. The cylinder diameters were directly measured using
a micrometer.

Elmer’s all-purpose glue was used to attach the
cylinders to the leading edge of the plate. The bead
was evenly distributed underneath the cylinder on the
side closest to the leading edge. A strip of double-
sided tape was used to attach the sandpaper strips to
the leading-edge of the plate. Consideration of the
sandpaper/double-sided tape combination suggested
that the bluff shape of the tape and the sandpaper
backing might influence the results in such a way as
to obscure the effect of the actual grain roughness of
the sandpaper. Hence. specific tests with this bluff-
body leading-edge condition were added to the test
pattern by attaching a single-sided strip of tape 5 cm
long in the streamwise direction with a cross-stream
height of 0.5 mm. The eight leading-edge conditions
are summarized in Table 1.

Table 1. List of leading edge conditions

Condition Size
Cylinder 0.762 mm (0.030 in)
{Diameter) 1.59 mm (0.0625 in)

2.31 mm {0.091 in)
Sandpaper 40 GRIT

180 GRIT

1200 GRIT

Sandpaper backing ~ 0.4 mm
Bluff shape Smooth tape (0.5 mm)

e A om0 o
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Table 2. Resultant uncertainties in experimental values

Quantity Uncertainty Quantity Uncertainty
St 4.0% U 1.6%
I 0.1% (°C) u 7.1%
uv 11.9% vt 21.0%
Boundary layer probes

A single hot wire and a custom-made, three-sensor
wire were used in this study to obtain estimates of
velocity and temperature variation in the boundary
layer. The single-wire boundary layer probe was a 4
micron tungsten wire configured in a standard TSI
model 1218-T1.5. The three-sensor boundary layer
probe consisted of two 2.5 um, platinum-coated hot
wires in an X-grray operated in constant temperature
modes and a platinum 1.2 ym cold wire operated in a
constant current mode. Due to the extremely close
spacing between the three sensors (0.35 mm), rela-
tively low overheats were used during probe operation
to limit “cross-talk” between the sensors. The two
constant temperature sensors were operated with
overheat ratios of 1.43 and 1.66, and the constant
current sensor was operated at 0.1 mA. The three-
sensor probe was used to measure local », v and ¢
variations simultaneously. The velocity and tem-
perature signals were sampled at 2 kHz (analog low-
pass filtered-cut-off frequency 1 kHz) for 20 s at each
measurement location. Additional information con-
cerning the probe design and qualification are given
in Shome [22] and Wang ez al. [23].

Data reduction

The surface heat transfer results presented in this
paper are shown in terms of the local Stanton number.
The fluid properties are evaluated at free-stream con-
ditions, with corrections made for relative humidity
effects. The heat flux to the free-stream was deter-
mined by subtracting the back loss, the radiation loss
and the streamwise conduction loss from the mea-
sured power input. The energy balance described
above, was applied to a 2.5x 2.5 cm area of the 1.56
mm lexan layer of the test surface [see Fig. 1(c)] ; then
the surface temperature was calculated by correcting
each measurement obtained from the thermocouples
embedded in thé test surface. The free-stream velocity
was measured by using a micro-manometer connected
to a Pitot tube. Finally, the free-stream temperature
was measured by a calibrated thermocouple with cor-
rections for recovery and compressibility effects. The
methodology of heat transfer measurement outlined
above and the associated uncertainty analysis was
similar to those discussed in Wang and Simon [24]. A
detailed uncertainty analysis was conducted by Pinson
{25], using the procedure set forth by Kline and
McClintock [26] and Moffat {27]. The resultant uncer-
tainties are listed in Table 2.

The single hot wire and the X-array of hot wires in

the three-sensor probe were corrected for the effects
of varying temperature as suggested by Chua and
Antonia [28). The three-sensor probe was corrected
by using instantaneous temperature fluctuations, and
the single-wire probe measurements were corrected by
using mean free-stream temperatures. Following the
method of LaRue er al. {29], Wang, et al. [23] con-
cluded that velocity correction of the cold wire in
the three-sensor probe was unnecessary. Additional
dezails on the data reduction process and the exper-
imental procedure for this study are documented in
Pinson [25].

RESULTS AND DISCUSSION

Undisturbed cases

The surface heat transfer distributions (normalized
in t2rms of the Stanton number and the local Reynolds
number) of the undisturbed cases are shown in Fig. 3.
The laminar and turbulent correlations. obtained
from Kays and Crawford [30], presented in the figure
compensate for the unheated starting length of a uni-
formly heated test surface, and are of the form

Sty ammar = 0.453Pr=%¢7Re;*
0.7577-0.333
XI:I_(X(J;SL) ] (l)

SIT‘L'RBULENT = 0.0287Pr_°‘4Re;°‘z

XUHSL 0.971~-0.111
- T

The initial portions of all the cases shown begin with
a trend that follows the laminar unheated starting-
length correlation, and then they deviate from the cor-
relation at various Reynolds numbers, Re,, because of
the laminar-turbulent transition. The minimum local
Stanton number for the 2.72 m s~' case occurs at an
Re. of 2.24 x 10°. Increasing the free-stream velocity,
', to 489 m s~! delays the onset of transition to
an Re, of 3.59 x 10°. The onset of transition for the
undisturbed case is defined here as the location where
St reaches a minimum and starts to deviate from the

and

" Local Stanton Number, St

10* 10° 10°
Local Reynolds Number, Re_

Fig. 3. Local surface heat transfer of the undisturbed case at
various free-stream velocities.
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laminar correlation. This trend of delayed transition
with increased U, continued until the free-stream vel-
ocity reached 15.5 m s~'. The delay in the onset of
transition between 2.72 and 15.5 m s~! is believed
to be the result of decreasing free-stream turbulence
intensity (FSTI), which was measured during the
experiments. The FSTI of the 2.72m s~ caseis 1.1%
and the FSTI of the 7.62 m s™' case is 0.4%.

Inaccuracies in the estimation of the radiant heat
loss from the heated test surface could have caused
the observed discrepancies between the laminar data
and the laminar correlation. The emissivity (a value
of 0.5 was used) of the heated test surface was the
primary uncertainty in the radiant heat loss calcu-
lation. Although the deviation from the correlation is
significant in the laminar region, the discrepancy does
not affect the comparative nature of this study.

Leading-edge roughness effects on heat transfer

The surface heat transfer results from the various
roughened leading-edge conditions (LECs) are shown
with the undisturbed case in Figs. 4 and 5. Cylinder
and sandpaper LECs do not affect the location of a
transition onset at a U, of 2.9 m s™' [see Figs. 4(a)
and 5(a)], but the effects of the LEC caused the slope
of the St distribution in the transition region to deviate
from the undisturbed case. The similar distribution of

the transitional data for the cases with sandpaper at
the leading edge suggests that at this low free-stream
velocity, the maximum roughness height. not the spec-
ific distribution of the roughness height, has the most
significant effect on heat transfer. As the free-stream
velocity increased, the St distributions for the rough-
ened LEC cases began to deviate more and more from
the undisturbed case. Inspection of the figures suggests
that the greater maximum roughness height produces
greater deviation from the undisturbed St distribution
for a given free-stream velocity.

Several features of the Stanton number results of
the cylinder LECs indicate a strong dependence on
free-stream velocity. As mentioned earlier, the slowest
free-stream velocity case (2.9 m s~') exhibited a milder
stope in the transition regions of the roughened LEC
cases than was seen in the transition region of the
undisturbed case [Figs. 4(a) and 5(a)]. The slope of
the transitional St distributions for the 030 and 0625
cases more closely resembled the undisturbed case
when U, was increased to 5 m s™' [Fig. 4(b)]. In the
early transition region, the 091 cylinder case exhibited
an unusual deviation from the undisturbed behavior
when U, was 5ms™~'. Asshown in Fig. 4(b), a distinct
departure from the undisturbed case began at an Re,
of 2x 10° until a Re, of 4 x 10° was reached, where the
slope of St becomes steeper and more like a typical
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transition. As shown in Fig. 4(c), the St of the 091
cvlinder case followed the turbulent correlation at
U, =7 m s™'; however, the St distribution of the
0625 cylinder case at 7 m s~! [Fig. 4(c)] exhibited a
dual-slope behavior similar to the behavior of the 091
case at S m s™' [Fig. 4(b)]. Although the 091 cylinder
case shown in Fig. 4(c) approximately follows the
turbulent correlation. an unexpected degree of wav-
iness in the St distribution was observed. The vari-
ation in the measured distribution was 6.4% above
the correlation at an Re, of 1.88 x 10° and 22% below
it at 6.09 x 10°. Increasing U, to 12 m s™', as shown
in Fig. 4(d), caused all three cylinder LEC:s to exhibit
similar waviness in St. In the upstream region
(Re. < 2x10%, the St distribution increased and
shifted upwards with little change in slope as U, and
the cylinder diameter increased. For the 091 cylinder
case at 12 m s~', the magnitude of the St distribution
near the leading edge was similar to that of the tur-
bulent St correlation, but the slope was almost the
same as the laminar correlation. The wavy behavior
observed in the St distribution of the 091 cylinder case
and the dual-slope behavior in the transitional region
of the 0.0625 cylinder case are examined in greater
detail in subsequent sections of this discussion.

The St behavior of the sandpaper LECs (Fig. 5)
was similar to that shown by the cylinder LECs. The

40 GRIT case at a U, of 5 m s~ in Fig. 5(b) was the
only sandpaper test case that exhibited the dual-slope
behavior in the transitional St data that was observed
in two of the cylinder LECs, but the change in slope
at an Re, of 4 x 10° was not as distinct as the change
in the 091 cylinder case {Fig. 4(b)]. Ata U, of 7m
s~! [Fig. 5(c)], the 40 GRIT and 180 GRIT cases
exhibited laminar behavior until an Re, of 1.3x 10°
and 2 x 10° was reached, respectively. Then, both S¢
distributions began laminar-turbulent transition with
waviness similar to that observed earlier in the higher
speed cylinder LEC cases.

Bluff leading-edge effect

Smooth tape (0.5 mm thick) was used to investigate
bluff leading-edge effects on Sz. The results at various
speeds are shown in Fig. 5, together with the sand-
paper LEC’s. Ata U, of 7Tms™', the St distribution
downstream of the bluff leading edge indicated that
the onset of transition occurred at an Re, of 5.3 x 10°
which is only 3% earlier than the onset for the undis-
turbed case. Increasing the U/, to 12 m s™* caused the
bluff leading edge condition to induce transition 15%
earlier than the undisturbed case. Compared to the
deviations induced by the sandpaper strips at this free-
stream velocity, the bluff body effect of the sandpaper
backing is relatively small.
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Dual-slope Stanton number behavior in transition
region

The 091 cylinder [Fig. 4(b)], the 40 GRIT sandpaper
at 5m s~! [Fig. 5(b)]. and the 0625 cylinder at 7Tm s~
[Fig. 4(c)] all exhibited the dual-slope behavior in St
between the laminar and turbulent correlations. Since
this behavior was not observed in the undisturbed case
and was not previously known to the authors, further
study of the transport phenomena in the mean bound-
ary layer was needed to provide insight into the physi-
cal mechanisms of the dual-slope region. Among these
three similar cases, detailed measurements of the
boundary layer of the 0625 cylinder case (U, =7 m

s~') were obtained. The velocity profiles, normalized

with respect to local wall coordinates, are shown in
Fig. 6(a). The streamwise velocity profiles begin to
significantly deviate from the Blasius correlation
between an Re, of 4.46 x 10° and 5.06 x 10°. During
the wall heat transfer investigation, the local Stanton
number began to deviate from the laminar correlation
at an Re, of 2.88 x 10° (referred to as Re,) and the
slope of the St distribution became steeper at an Re,
of 4.88 x 10° (referred to as Re,). The mean velocity
profiles suggest that the boundary layer experienced
transition only after Re, became greater than Re;.

Further examination of the RMS quantities, ', uv,
and ut, verifies the laminar and transitional status in
the dual-slope region. Inspection of the ' profiles
shown in Fig. 6(b) indicates that the u’ variations
increased in amplitude between stations 3 and 6 (the
range corresponding to Re; and Re,) with maximum
values of u’/U., ranging from 0.038 to 0.067, but the
amplitude of the oscillations was still pre-transitional
(typical maximum «' U, value: 0.15). At station 7,
the u'/U,, distribution was relatively constant at 0.061
from a y/6* of 0.45-0.67. This wide, relatively flat
( + 5% variation) region was not present in the undis-

turbed case (see Wang et al. [23]). Furthermore, the
LEC caused the «’ profiles to continue developing in
the early turbulent region of the boundary layer (the
maximum station-to-station variation is an average of
8% downstream of station 10), even though the mean
velocity profiles indicated fully developed turbulent
flow in this region [see Fig. 6(a)]. The ur profiles
depicted in Fig. 7(a) also show negligible activity in
generating Revnolds shear stress between stations 4
and 6 (a/U? less than 0.08), indicating pre-tran-
sitional flow in the region Re, t0 Re,. Large ampli-
fications indicative of transitional flow were observed
downstream of Re,(uv/U? greater than 0.8). Similar
to the u’ profiles, the uv profiles continued to develop
in the early turbulent portion of the boundary layer.
The vt profiles shown in Fig. 7(b), exhibit behavior
similar to wr throughout the streamwise boundary
layer development, and exhibit negligible Reynolds
heat flux transport in the region between Re, and Re;.

The instantaneous velocity signals were inspected
to provide more information about flow behavior in
the dual-slope region. Representative velocity signals
taken around Y* = 10 at various stations for the 0625
cylinder case are shown in Fig. 8. The velocity signals
of those stations between Re, and Re, (stations 5 and
6) are laminar-like with sinusoidal-like oscillations.
However, the velocity. traces of stations 7 and 8,
which bracket Re., show intermittent turbulent/
nonturbulent behaviour, which undoubtedly indicates
transitional flow. Similar behavior was observed for a
low-speed 40 GRIT sandpaper caseat U,, = Sms™'

These boundary layer results suggest that a rough-
ened leading edge may produce a pre-transitional
region where the momentum and thermal transports
in the boundary layer behave like laminar flow;
however. the wall heat transfer significantly deviates
from the laminar correlation.

bt s R T e 7
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Waviness in heat transfer data

The results of the Stanton number distributions
show that waviness is present in high-speed cases with
roughened leading edges. Inspection of Figs. 4 and 5
indicates that rougher leading-edge conditions cause
significant wavy St behavior at lower free-stream vel-
ocities. Since the waviness was not observed in the
undisturbed case, it was reasoned that the waviness
was most likely induced by the flow disturbances
introduced by the roughened leading edge.

The waviness could also have been caused by prob-
lems with the experimental apparatus and the test
surface. Tests conducted at a fixed free-stream velocity
(15 m s~') with varying power input levels indicate
that the degree of waviness was not a function of
power input. In addition, the test surface was qualified
by conducting a convective heat transfer test in a
laminar flow with mild acceleration of K ~ 4x 1075,
The mild acceleration was caused by the boundary

Station
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Fig. 8. Instantaneous velocity signals around Y* = 10 at
various streamwise locations for the 0625 cylinder case
U, =Tms™Y).

layer growth in a constant-area channel. The St data
of this qualification test matched the laminar cor-
relation and no waviness was observed. The closeness
of the match indicates that the heat flux out of the test
surface was reasonably uniform and thar all of the
thermocouples embedded in the test surface func-
tioned well. The energy balance used to determine the
St distribution indicates that losses through the back
of the heated wall were less than 1% of the flux to the
free-stream. Hence. even an order of magnitude error
in back-loss calculations would not have affected the
magnitude of the heat flux to the free-str=am to such
an extent that could account for the degree of waviness
present in the Stanton number data. A more detailed
discussion of the waviness behaviors is presented in
Pinson [25].

With the removal of the experimentai apparatus
and the test surface as possible culprits for the
waviness, it seems possible that the observed waviness
could be the result of nonlinear instabilities brought
on by the finite amplitude disturbance introduced at
the leading-edge. These nonlinearities in the flow con-
dition could make the boundary layer senmsitive to
the minor geometrical variations present in the test
section in such a way that the actual form or charac-
teristic that causes the disturbance becomes unim-
portant. These minor surface disturbances. whatever
they are, seem to be amplified as the free-stream vel-
ocity increases, and they significantly aifect the heat
transfer pattern downstream.

This study intentionally isolated the effects of lead-
ing-edge roughness on downstream flox and heat
transfer behavior. so the test surface downstream of
the leading-edge roughness was made smocth and flat.
To better simulate the roughness condition of an in-
service turbine blade. further studies are ~eing under-
taken by the authors to investigate the interactive
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effects of leading-edge roughness with the downstream  “ere performed in the test facilities spensored by a grant
‘rom the Air Force Office of Scientific Research (Grant No.

roughness. F49620-94-1-)126).
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