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Nonisothermal Turbulent Boundary-Layer Adverse Pressure
Gradient Large Scale Thermal Structure Measurements
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Hot-wire anemometry measurements in an incompressible turbulent boundary-layer flow over a heated flat
plate under equilibrium adverse-pressure-gradient conditions (8 = 1.8) were made for two different temperature
difference cases (10 and 15°C) between the wall and the freestream. Space-time correlations of temperature
fluctuations (7”) were obtained with a pair of subminiature temperature fluctuation probes. The mean convection
velocities, the mean inclination angles, and coherence characteristics of the 7’ large-scale structure were de-
termined. The present temperature structures measurements for a nonisothermal boundary layer are compared
to the zero-pressure-gradient case with identical temperature differences previously reported, in which the mean
convection velocity of the 7’ structure was a function of pesition y* and independent of the limited temperature-
difference cases tested. The three major findings of the present study, as compared to the zero-pressure-gradient
case, are 1) the mean convection speed of the 7’ structure under 8 = 1.8 pressure-gradient conditions was
found to be substantially lower in the logarithmic core region than the zero-pressure-gradient case. Additionally,
the mean convection speed is felt by the authors to be a function of pressure-gradient parameter $; 2) the mean
inclination angle of the T’ structure to the wall under the adverse-pressure-gradient flow was 32 deg, which
compares favorably to the 30-deg value of the zero-pressure-gradient case; and 3) the limited data suggests that
the mean convection velocity of the T’ structure is a function of y* and independent of the limited temperature-

difference cases tested.

Nomenclature
dP/dx = longitudinal or streamwise pressure gradient
P = static pressure
Re, = Reynolds number, u..0/v
R,y = cross-correlation coefficient
T = temperature
t = time
U = time-mean average streamwise velocity
u = instantaneous streamwise velocity
u* = friction velocity
v = instantaneous normal velocity
X = streamwise direction
y = normal direction
z = spanwise direction
B = pressure coefficient parameter, (8*/7,)(dP/dx)
A = Clauser boundary-layer thickness
é = hydrodynamic boundary-layer thickness
S, = thermal boundary-layer thickness
o* = displacement boundary-layer thickness
0 = momentum-deficit thickness
v = kinematic viscosity
T = wall shear stress
Subscripts
00 = freestream
cv = convection velocity
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f = reference

rms = root-mean-square value

w = wall

Superscripts

! = fluctuating quantity

+ = normalization with viscous units, ©#* and v

Introduction

HE space-time correlation measurements of velocity

fluctuations for isothermal zero-pressure-gradient flows
has been carried out by many investigators’ measurements.
Kline and Robinson! organized a community-wide survey and
evaluation of coherent structures and motions in isothermal
turbulent boundary layers. In their survey they defined the
state of the turbulence structure knowledge.

Strataridakis et al.? obtained the space-time correlation of
the u’ and v’ velocities and u'v" using a pair of x-wire sub-
miniature probes. They obtained the mean convection veloc-
ities, the mean inclination angles, and the spatial extent of
the u', v', and u'v’ large-scale structures for a zero-pressure-
gradient flow.

Information on the thermal and fluid structure of the flows
with pressure-gradient effects is limited. Kline et al.> were
one of the first to observe that a favorable pressure gradient
reduced the rate of fluid bursting and, conversely, an adverse
pressure gradient, increased the rate and intensity of bursting
in the near wall region. From hot-wire measurements and
combined dye and hydrogen bubble visualization, Kline et
al.? also deduced that the average spanwise fluid streak spac-
ing, when normalized with wall variables, is about 100 for all
flows considered in their study, with or without the pressure
gradients.

Lian* studied the fluid structure of the turbulent boundary
layer under the condition of an adverse-pressure-gradient ef-
fect using flow visualization techniques. He observed that the
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size of the coherent structures, especially in the vicinity of
separation, were larger than the zero-pressure-gradient struc-
ture and, therefore, easier to observe and analyze.

The low- and high-speed streaks are universally observed
in the wall region of turbulent boundary-layer flows. In zero-
pressure-gradient flows, the low-speed fluid streaks are much
narrower than the high-speed streaks.?-* However, in adverse-
pressure-gradient boundary-layer flows, Lian* observed that
the low-speed fluid streaks became almost as wide as high-
speed streaks and, therefore, it is possible to observe the flow
inside a low-speed streak.

The flow inside both low- and high-speed streaks is quiet
and uniform, while the chaotic flow occurs along the interfaces
of the low- and high-speed streaks.* The interface between
low- and high-speed streaks, according to Lian, plays an im-
portant role in turbulence production.

An interesting feature of Lian’s study was the observation
of the generation of the so-called streamers. These streamers
appeared to exist longer than the low- and high-speed streaks
and were generated at the lateral edge between the low- and
high-speed streaks. Reasons such as, why the long streamers
exist, and why they resist longer than low- and high-speed
streaks, are not clearly understood. However, Lian suggests
that these long streams are believed to be the remains of the
streamwise vortices and, thus, they can remain longer in the
wall region.

Streamwise and transverse vortices were also observed in
Lian’s study. He observed that the streamwise vortices ap-
peared to be stretching and forming downstream. The trans-
verse vortices appeared at the front side of the high-speed
streaks. The ends of the transverse vortices were linked to
the lateral edges of the high-speed streaks.

White and Tiederman® studied the effect of pressure gra-
dient and Reynolds number on the period of the burst cycle
for a range of momentum thickness Reynolds number from
1120 to 2500. They considered a zero-pressure-gradient flow
with two cases of mild and strong adverse pressure gradients.
B in their study varied from 0 to 1.8. Over the range of
Reynolds numbers considered, the results indicated that the
burst period, when normalized with inner variables, was not
a function of Reynolds number, but rather, exclusively a func-
tion of the pressure-gradient parameter. The period of the
burst cycle was reduced as the magnitude of the pressure
gradient was increased.
Air
Filter

Flow Straightener

Little work has been reported in the literature regarding
the thermal boundary-layer structure. The UC Davis research
group were the first to show some results of thermal structure
in a zero-pressure-gradient turbulent boundary-layer flow.”
More recently, we reported the spatial characteristics of the
zero-pressure-gradient thermal boundary-layer structure.?

In the present work, an extension of the earlier zero-pres-
sure-gradient measurements is made. It involves the study of
a turbulent boundary layer developing on a smooth heated
surface in an adverse pressure gradient with an unheated start-
ing length. Two temperature-difference cases between the
wall and the freestream are investigated. The specific objec-
tive of the work is to obtain two-point correlations of the
temperature fluctuation measurements from which calcula-
tions of mean convection velocities and mean inclination an-
gles can be made for an adverse-pressure-gradient flow.

Experimental Facility

The experiments were carried out in an open-return-type
wind tunnel with an overall length of 7.5 m. The entrance
section has a 17-to-1 contraction ratio with a bell-mouth shape.
Air filter, Hexcel honeycomb, and six screens are placed at
the entrance of the converging section in order to remove the
dust particles, straighten the flow, and reduce the freestream
turbulence level, which is less than 1.5%.

The test section of the tunnel is 3-m long, 0.2-0.3-m high,
and 0.3-m wide. This section consists of a flexible wall mech-
anism which is designed to provide a wide range of adverse
pressure-gradient flows. The aspect ratios of lateral tunnel
width to thermal and fluid boundary-layer heights was ap-
proximately 10 for most flow cases studied. The internal cor-
ners in the test section have 5-cm-radius fillets installed to
reduce secondary flows. Additional sealing is achieved by
taping the Plexiglas® doors to the test section from the sides.

The diffuser section is 2.26-m long and has an expansion
area that provides a continuous transition from the rectan-
gular cross-sectional area of the test section to a circular cross
section of the fan. The converging and the diffuser sections
are both attached to the test section. A thick rubber interface
seal connects the diffuser section to the fan/motor drive sys-
tem. The rubber internal seal acts as a shock absorber and
prevents the fan vibration to be transferred to the main body
of the wind tunnel.® The adverse pressure gradient wind tun-
nel is shown in Fig. 1.
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Experimental Design

The flat plate consists of an unheated starting length and
a heated portion, therefore, making the origins of momentum
and thermal boundary layers different. The unheated starting
length is 42.6 cm long with a leading-edge sandpaper surface
15.25 cm long for tripping the flow to insure the presence of
a two-dimensional boundary layer.

The heated portion of the flat plate consists of 21 individ-
ually heated aluminium plates. The plates, which are 0.125-
in. thick and come in two different sizes (10 by 1 in. or 10 by
6 in.), are installed in alternate fashion. The heated plates
are separated from each other by 0.125-in.-thick cork board
to minimize streamwise heat conduction, which also allows
an accurate energy balance calculation to be made. The smaller-
sized plates are used to provide an accurate measurement of
the surface heat transfer rate as a function of downstream
position. The plates are heated by custom manufactured sil-
icon rubber heating elements. The power input to each plate
is controlled by commercially available rhotostat switches.

The wall or surface temperature of the aluminium plates is
measured using type E miniature thermocouples having a
diameter of 0.127 mm. This type of thermocouple consists of
Constantan-Chromel wires, and has the greatest sensitivity at
room temperature. The wires are spot-welded at the junction.

Experimental Procedure and Measurement Techniques

Velocity Profiles

Mean and fluctuating components of the streamwise ve-
locity profiles were measured using hot-wire anemometry. A
Thermo System Inc. (TSI) anemometer, model 1050, with a
frequency response of 100 kHz was used. The anemometer
was operated in constant-temperature mode at an overheat
ratio of 1.8. A TSI standard single-sensor boundary-layer probe,
model 1218 T1.5, was used for both mean and fluctuating
profile measurements. The sensor is a platinum-plated tung-
sten wire with a sensing diameter of 3.8 w and a sensing length
of 1.25 mm. The probe was connected to a DIGIMATIC
traversing mechanism having a spatial resolution of 10 u and
traversed normal to the plate for the mean and fluctuating
profiles. The anemometer signal was processed through a low-
pass filter, Krohn-Hite model 3323, with a cutoff frequency
which was determined after detailed analysis of the flow was
made using Nicolet-660A digital spectrum analyzer. The sig-
nal was then measured with an IBM AT personal computer
and IBM DACA board data-acquisition system.

Temperature Profiles

Mean and fluctuating temperatures were measured using a
TSI model 1050 anemometer in constant current mode. The
current was set at a value of 1.5 mA, as recommended by
TSI, which resulted in a very low overheat. A TSI miniature
standard single-sensor boundary-layer probe, model 1218 T1.5,
was used for mean temperature profiles. A TSI subminiature
straight probe, model 1276 P.5, was used for fluctuating tem-
perature profiles. The sensor was a platinum wire with a sen-
sing diameter of 1 u and a sensing length of 1 mm. This sensor
provides extremely high sensitivity to temperature fluctua-
tions because of its small thermal inertia. A custom probe
holder was designed and manufactured for the boundary-layer
temperature measurements. The cutoff frequency was deter-
mined using the Nicolet power spectrum analyzer. The tem-
perature probes were calibrated against a previously cali-
brated thermocouple in a uniformly heated stream. The detailed
procedure for the cold-wire probes calibration for tempera-
ture measurements is given in Ref. 9.

Two-Point Correlations

Two-point correlation measurements were made for the
temperature fluctuations. Two temperature probes were po-
sitioned for known longitudinal and normal distances between

the two probes. For the normal correlation, one probe was
held fixed at a reference y* value of about 35, and the other
probe was traversed to different y* positions. For the lon-
gitudinal correlations, a single probe was held fixed at a given
y* value, and the other probe was moved to different lon-
gitudinal (Ax ") positions for the same y* value. The reference
heights for the streamwise correlation were set at y* values
of 75, 177, 270, and 420, which was the same range as the
zero-pressure-gradient flow for later comparisons.

For the lateral movements, a special probe holder was de-
signed and built to minimize flow disturbances. This probe
holder has the capability of being moved laterally by sliding
the holder in and out with respect to the test section, and at
the same time registering the lateral movement with respect
to a reference point. For this purpose a digital DIGIMATIC
caliper, model 500-351, has been mounted on the holder to
register the lateral movement with an accuracy of 10 u.

A Cyborg ISAAC-2000 data-acquisition system in con-
junction with an IBM/AT personal computer is used for two-
point correlation measurements. The ISAAC-2000 has a max-
imum frequency response of 200 kHz with eight channels,
with 624 K data-memory capabilities. The programming lan-
guage “C” was used for data-acquisition triggering.

Presentation of Results

Two-Dimensional Fluid Dynamics

Spanwise uniformity of the flow at the measurement station
was verified by measuring the velocity profiles at several span-
wise positions with a hot-wire boundary-layer probe. The ve-
locity defect profiles as a function of normal height were
examined and it was felt there was reasonable agreement
demonstrating the presence of a two-dimensional flow. Figure
2 shows the velocity defect profiles at five stations along the
test section where an adverse-pressure-gradient flow exists.
The normal height has been nondimensionalized with respect
to the Clauser boundary-layer thickness. It is observed from
the figure that an equilibrium adverse-pressure-gradient
boundary layer is reached at a downstream distance from 87
to 137 cm, where the measured profile matches reasonably
with the Clauser'® profile for a 8 value of 1.8. On the same
figure, the measured profile at the first station which has a
zero-pressure-gradient matches the 8 = 0 profile.

Velocity Measurements

The universal mean velocity profiles nondimensionalized,
with respect to the friction velocity, are shown in Fig. 3 for
several positions along the adverse-pressure-gradient section
of the tunnel’s floor. The friction velocities were calculated
using the Clauser technique. This technique was used for
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determination of the local skin-friction coefficient. The ve-
locity data in the logarithmic core region fit the law-of-the-
wall equation with constants given by Patel'! as

u* = 55logy* + 5.45

The longitudinal velocity fluctuation measurements at the
five stations are shown in Fig. 4. These fluctuations are higher
than their corresponding zero-pressure-gradient fluctuations
as presented in the first station profile, because of the decrease
in the wall shear stress, or friction velocity. This effect is
caused by the presence of the adverse-pressure-gradient. Table
1 lists the experimental parameters at the five stations within
the adverse-pressure-gradient flow region of the test section.

Two-Dimensional Thermal Boundary Layer

The qualification of the two-dimensional thermal boundary
layer was made by measuring the mean temperature profiles
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Fig. 4 Velocity fluctuation profiles.
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at measurement station 5 for three spanwise positions. The
profiles, shown in Fig. 5, show reasonable agreement with
each other. The temperature and the normal height have been
nondimensionalized with respect to the temperature differ-
ence between the wall and the freestream values, and the
thermal boundary-layer thickness, respectively.

Wall-Temperature Measurements

The uniformity of the wall temperature was checked by
measuring the wall temperature along the heated portion of
the plate. The measurements were made for each of the two
temperature-difference cases along the centerline of the plate.
The surface temperatures were measured with the thermo-
couples embedded in the heated aluminum plates, and show
acceptable uniformity along the plate. For the 10 and 15°C
temperature difference cases, the wall temperatures were uni-
form within =0.2, and £0.25°C, respectively.

Correlation Measurements

In this study, for the space-time correlation measurements,
two temperature fluctuation probes were used to measure the
temperature fluctuations simultaneously at two points in the
spatial-temporal space. The two probes were positioned for
known longitudinal and normal spatial distances between them.
The turbulence signals from the two probes then were ac-
quired and subsequently correlated.

* The temperature cross-correlation coefficient is defined as

Rrr = Tx,y,z, )T(x + Ax,y + Ay, z + Az,
t+ AT oe(x, v, 2)Tos(x + Ax, y + Ay, z + A2)]

where T is the fluctuating temperature; 7, is the root-mean-
square value of T; (x, y, z) is the coordinate location of one
probe in space; (Ax, Ay, Az) is the separation distance of the
second probe from the first probe; ¢ is the time coordinate;
and At is the variable time shift. This cross-correlation coef-
ficient is a measure of the similarity between the two tem-
perature fluctuation signals. A high correlation between the
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Fig. 5 Temperature profiles two-dimensionality check, x = 1.38 m.

Table 1 Values of experimental parameters

8,, cm
X, m U, m/s 8, cm 8, cm Re, AT = 10°C AT = 15°C A, cm
0.87 17.8 1.94 0.190 2312 1.8 2.0 6.82
0.97 16.7 2.20 0.226 2494 2.1 23 7.90
1.12 15.4 2.40 0.300 3056 2.3 2.5 12.00
1.23 15.2 3.10 0.374 3810 2.7 3.0 16.10
1.38 14.5 3.26 0.444 4260 32 34 20.50
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Fig. 6 Streamwise correlations.

two probes is an indication that the probes are monitoring
the same or similar series of events including the passage of
large-scale thermal structures, which in general, provide the
highest degree of correlation. However, the correlation is less
than unity as the events observed by the first will be altered
due to the flowfield dynamics by the time they reach the
second probe. The extent of similarity between the two signals
depends on the absolute value of the cross-correlation coef-
ficient. A high absolute value means that the two signals are
highly correlated and are thought to be observing similar flow
structure. The maximum absolute value of a correlation coef-
ficient is equal to unity and only occurs when the correlation
value of a signal being correlated with itself at the same time
and is called autocorrelation. The autocorrelation coefficient
can be calculated from cross-correlation coefficient when Ax
= Ay = Az = 0 for different times ¢.

Turbulent momentum and heat transport across a turbulent
boundary layer are thought to be similar; however, the precise
degree of similarity is not known. Since this transport of mo-
mentum and heat is associated with the turbulence structure
near the wall, knowledge of the flow structure in this region
of the flow is required. As mentioned before, this has been
done in detail for isothermal zero-pressure-gradient flows.
The same isothermal flow analysis for determining large-scale
structure characteristics is now applied to a nonisothermal
turbulent adverse-pressure-gradient boundary-layer flow.

Convection Velocity

The mean convection velocity of the temperature fluctua-
tions was obtained from the correlation measurements in the
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Fig. 7 Convection velocity determination, AT = 10°C.

streamwise direction (Ay = Az = (). Two temperature probes
were positioned at different streamwise spacings and the same
heights. The reference heights were set at y* values of 75,
177, 270, and 420 to obtain a distribution of the mean con-
vection velocities of the 7" structure. For each height and
temperature difference case tested, five Ax* values were ac-
quired. The space-time correlations of temperature fluctua-
tions for the 10°C temperature difference value and the four
reference heights are shown in Figs. 6a—d. Each figure con-
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tains the space-time correlations at the same height and dif-
ferent streamwise spacings between the probes.

From the space-time correlation measurements, the time
shifts of the peak R; {(Ax*) from the zero time were mea-
sured. The time shifts, temporal displacements, are believed
to be created by the passage of turbulent temperature fluc-
tuation eddies which move with a convection velocity U.,.
The results of the spatial displacement vs the temporal dis-
placement for the four reference heights are shown in Fig. 7
for the 10°C temperature-difference case. For the 15°C tem-

perature difference, the results of the spatial displacement vs -
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the temporal displacement for reference height values of y*
equals 270 and 420 are shown in Fig. 8. On the same figure
the corresponding 10°C results also are shown for comparison.
The temporal displacements vary linearly with the streamwise
separation and appear to be independent of the limited tem-
perature differences tested. This result is consistent with the
zero-pressure-gradient boundary-layer results.® The slope of
each line in Figs. 7 and 8, dx/dt = U, gives an estimate of
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Fig. 12 Mean inclination angle of the 7" structure.

the convection velocity of the temperature fluctuations at the
given height.

Figure 9 displays the variation of the mean convection ve-
locity with height described above. On the same figure the
local mean velocity also is shown. The convection velocity of
T’ structure for the zero-pressure-gradient flow (Fig. 10) var-
ied approximately from 0.65u,, at y* = 75t0 0.77u,, aty* =
425.° For the adverse-pressure-gradient case displayed in the
figure, convection velocity varies from 0.48u,. at y* = 75 to
0.73u. aty* = 420, which is approximately equal to the mean
velocity profile. As seen from the figures, the convection
velocity of the adverse-pressure-gradient flows is lower than
the convection velocity of the zero-pressure-gradient case in
the logarithmic core region of the boundary layer (i.e., y*
less than 200-300). The effect of pressure gradient appears
to have slowed the convection speed of the thermal structure,
which suggests the effect of pressure gradient on the thermal
structure is to slow the structure much quicker in the loga-
rithmic core region unlike the zero-pressure-gradient case.

Inclination Angle

The mean inclination angle of the temperature fluctuations
was obtained from the correlation measurements in the nor-
mal direction (Ax = Az = 0). Two temperature probes were
positioned at different normal spatial distances. One probe
was held fixed at a reference height of y™ = 35, while the
other probe was traversed to different y* positions. The tra-
versing probe was positioned at several points within the tur-
bulent boundary layer.

From the space-time correlation measurements, the time
shifts, temporal displacements, of the peak R, (Ay*) cor-
relation values from the zero time axis were measured. Figures
11a—c show some typical space-time correlations at different
traversed probe heights. The values of the time shifts, along
with the convection velocity U, (y*), were used to estimate
the streamwise extent of the structure Ax* using Taylor’s
hypothesis, i.e.

Axt = U, Atu*/v

The mean inclination angle is shown in Fig. 12. It is ob-
served that the average inclination angle of the temperature
fluctuation structure is about 32-deg inclined to the wall. This
angle compares to an inclination angle of about 30 deg for

the zero-pressure-gradient boundary-layer flows given in
Bagheri and White.®

Conclusions

Space-time correlations of the temperature fluctuations, mean
convection velocities, and the inclination angle of the large-
scale structures were measured for an adverse-pressure-gra-
dient turbulent boundary-layer flow over a heated surface
with uniform wall temperature.

The mean convection velocity of the temperature fluctua-
tion structures was determined to vary from 0.48u.. at y*+ =
75 to 0.73u.. at y* = 420, and appeared to be independent
of the limited temperature-difference cases tested. The con-
vection velocities were lower than corresponding convection
velocity within the logarithmic core region of the zero-pres-
sure-gradient case previously tested. The present convection
velocities were found to be approximately equal to the mean
local velocities.

The mean inclination angle of the temperature fluctuation
structure was determined to be about 32 deg to the wall. The
mean inclination angle was obtained from the correlation
measurements in the normal direction. This inclination angle
value agreed closely to the zero-pressure-gradient inclination
angle of 30 deg. It is, however, believed that the inclination
angle is a function of B, and further investigation should be
carried out to find the precise dependency as a function of .
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