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Abstract—Measurements in a slightly heated turbulent boundary layer, with essentially identical origins for
momentum and thermal fields, indicate that the constants in the velocity and temperature logarithmic regions
do not vary with Reynolds number. The extent of these regions, as a proportion of the boundary layer
thickness, is approximately constant, independent of the momentum thickness Reynolds number R,, when
R,, = 3100. The deviation from the temperature logarithmic law in the outer layer is reasonably well
described by expressions analogous to those which describe the velocity “wake”. The maximum value of this
deviation increases with R,, over the range 990-4750 but is approx. constant for R,, > 4750, and equal to
about half the maximum velocity deviation. Distributions of r.m.s. velocity and temperature scale moderately
well with wall variables in the inner part of the sublayer at all R,,. Scaling on outer flow variables is only
approximately achieved when R,, S 3100. The only noticeable effect of R, on the turbulent Prandt] number
and turbulence structure parameters is observed at the smallest Reynolds numbers investigated.
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NOMENCLATURE

empirical constants, equations (1), (2);
skin friction coefficient, z,/(3pU?);
specific heat at constant pressure;
fluctuating voltage;

functions defined by equation (13);
shape parameter = §,/9,;

functions defined by equation (12);
thermal conductivity ;

extents of velocity and temperature log-
laws;

molecular Prandtl number, v/y;
turbulent Prandtl number

=[ —uv/(0U/0y))/[ - v8/(@T/0y)];
thermometric wall heat flux
momentum thickness Reynolds number
= U,d,/v;

Stanton number, Q./U,(T,-T,)

= Uth/Ul(Tw~ T!);

mean temperature;

friction temperature, Q,/U_;
=(T,—TUT,~T,);

mean velocity components in x, y
directions;

friction velocity, (z,./p)!/?;

=U/Uy;

fluctuating velocities in x, y directions;
kinematic Reynolds shear stress;

thermometric longitudinal and normal
heat fluxes respectively;

velocity and thermal “wake” functions,
equations (7), (8);

co-ordinates: x, streamwise ; y, normal to
wall;

= yU,/v;

velocity and temperature sensitivities of

single hot wire, equation (3);

oy, %3, By, B, velocity and temperature sensitivities

‘y’

m, 1,

Subscripts
1,
w,
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of X-wire, equation (4);
thermal diffusivity = k/pc,,;

f (U~ U dy:

o

j (T=T)(T)dy:
0

momentum layer thickness (distance from
wall at which U = 099 U,);

thermal layer thickness [distance from
wall at which T—T7, = 001(T - T}1;

displacement thickness

L (1-pUlp,Uy)dy;

momentum thickness

- L (0U/p,Uy X1~ UJU,) dy:
enthalpy thickness

- f (OU/p,UNT =TT, ~ T, dy;

temperature fluctuation ;

kinematic viscosity ;

density;

von Karman constant=041, equation
(1);

empirical constant analogous to x, equa-
tion (2);

wake parameters, equations (7), (8).

free stream value;
wall value;
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0, T, refer to quantities associated with the
thermal field.

Superscripts

" rm.s. value;

*, denotes normalization by wall variables.
o denotes conventional time average.

1. INTRODUCTION

Coues 1] found that the velocity defect law in the
outer part of a boundary layer in zero pressure gradient
is independent of R,, (= U,d,/v, where U is the free
stream velocity, v is the kinematic viscosity of the fluid
and &, is the momentum thickness) when R, is greater
than about 5000 but is a fairly strong function of R,,
when R,, < 5000. Coles’ analysis assumed the validity
of the logarithmic velocity profile
U

i
Z=-lny* +C, 1
U Kn} th

T

with x = 0.41 and C = 5.0. Simpson [2] claimed that
there is in fact no dependence of velocity on R,, once
allowance is made in (1) for the variation of x with R,.
This claim was refuted by Huffman and Bradshaw [3]
on the basis of their analysis of existing data on low
Reynolds number flows. These authors suggested that
the R,, dependence of the velocity defect may be
attributed to the presence of the viscous superlayer,
identified by Corrsin and Kistler [4}, at the turbulent/
irrotational interface since velocity defect profiles in
fully developed pipe flow, where no such interface
occurs, are Reynolds number independent. Bradshaw
[5] argued that at the lower values of R,,, the thickness
of the viscous superlayer is comparable to that of the
viscous sublayer but, because the interface is highly
contorted (smoke-flow visualization reveals increasing
contortions as R, decreases), the volume of the
superlayer per unit plan area may be one order of
magnitude larger than the actual thickness measured
normal to the interface. Mean flow measurements by
Murlis et al. [6] (see also Murlis [7]), Purtell ez al. [8]
and Purtell [9] have confirmed, for a turbulent
boundary layer with zero pressure gradient, the va-
lidity of (1) with x = 0.41 and C = 5.0-5.2. The dearth
of turbulence measurements in low Reynolds number
boundary layer with zero pressure gradient, the val-
idity of (1) with k = 041 and C = 5.0-5.2. The dearth
range 700 < R, < 5000. These measurements in-
cluded distributions of rm.s. u and v intensities, the
Reynolds shear stress and budgets of turbulent energy.
Both conventional and conditional measurements
were made. Purtell er al's [8] investigation was aimed
at extending the data base at low Reynolds numbers
with emphasis on mean velocity and distributions
of 2.

There are few measurements of the r.m.s. 6 intensity
and of longitudinal and normal heat fluxes in a thermal
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boundary layer where the origins of momentum and
heat are nearly coincident. The present investigation
provides mean and fluctuating velocity and tempera-
ture measurements in such a boundary layer over the
range 990 < R,, < 7100. The validity of the tempera
ture logarithmic law
T,~T 1 |
ML=yt e 2
I, Ky
is investigated in Section 3 for this range of R,,. The
Reynolds number dependence of the mean tempera-
ture defect law in the outer layer is also examined in
Section 3. The applicability of the scaling, based on
either inner or outer layer variables, of r.m.s. values of »
and 0 is discussed. Distributions of the turbulent
Prandtl number, derived from measurements of U, T

uv and v6, and of a few turbulence structure para-
meters, which describe dimensionless properties of the
turbulence, are presented in Section 4.

2. EXPERIMENTAL ARRANGEMENT AND CONDITIONS

The experimental work has been carried out in the
0.38 x 0.25m working section of an open return
circuit blower wind tunnel. The centrifugal blower,
driven by an 8.4 kW Siemens motor, supplies air to the
working section via two 2-dim. diffusers, a settling
chamber and a series of screens. A detailed description
of the equipment and experimental arrangement may
be found in Subramanian [ 10]. The maximum speed in
the working section is about 20 ms™'. The roof of the
working section is adjusted to provide approximately
a constant pressure (within +2%) for the present range
of U,. The first 3m of the working section floor
consist of 20 identical heated Inconel strips (0.46 mm
x 0.15m x 0.38 m)supported by five Sindanyo (hard
asbestos boards) base plates. The strips are insulated
from each other and connected in series to provide a
uniform wall heat flux distribution. A.C. heating 1s
used with a transformer operated at 60 V. and between
45 and 90 amps. The last 1.83 m of the test section floor
are unheated and consist of epoxy coated Sindanyo
board. The heated section is fitted with Copper
Constantan thermocouples, located at several stream-
wise and spanwise stations. The thermocouple cold
junctions are kept approximately at the free stream
temperature (typically 22 + 1°C) over the duration of
the experimental runs. The thermocouple e.m.f. was
measured with a Cambridge potentiometer. The plate
was continuously heated from the beginning of the
working section to about 14°C above ambient at 2.2 m
from the trip. A 3mm dia. wire was placed on the
heated wall, 40mm from the entrance of the test
section, to trip the boundary layer. The location of the
trip was determined by a trial and error method in
which the momentum thickness &, and enthalpy
thickness 8, were compared at different distances from
the trip and for different free stream speeds. The
magnitudes of 3, and 3, were approximately (within
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+1.5%)equal at all values of R,,. For the finally chosen
location of the trip, the origins of the aerodynamic and
thermal layers coincided to within £25 mm.

All velocity measurements were made with a single
hot wire (Pt-10% Rh, 5 um dia., 1 mm length), operated
by a DISA 55M10 constant temperature anemometer
at a resistance ratio of 1.8. Temperature measurements
were made with a 0.8 mm long, 0.63 um dia. Pt-10%, Rh
cold wire (temperature coefficient, obtained by
measurement, was 1.5 x 1073°C™ !} operated by a
constant current anemometer. For a current value of
50 uA, and the present experimental conditions, the
velocity sensitivity of the cold wire was negligibly small
(typically 0.006°C/ms ™). No compensation was made
for the thermal inertia of the cold wire. The response of
the wire to the crossing of the turbulent/irrotational
interface in the outer part of the boundary layer was
observed on a storage oscilloscope. Adjustment of the
setting of a compensator (designed to give a frequency
response that is flat up to 20 kHz) did not improve the
response of the wire as the decrease, at the upstream
interface, of the temperature to its background value
was generally sharp at all speeds examined. (The use of
a 1 um cold wire by Antonia et al. [11] did require the
use of the compensator). After suitable conditioning, a
signal proporticonal to the instantaneous temperature
was recorded on a 4-channel Hewlett-Packard
{3960A) analogue FM tape recorder at a speed of
0.38 ms™*. Analogue records were typicaily of about
150s duration.

The quantities, uv, uf, v were obtained with an X-
wire/cold wire arrangement, with the cold wire located
1.23 mm upstream of the geometrical centre of the X-
array and in a direction perpendicular to the plane of
the X-array. The X-wire/cold wire arrangement was
initially calibrated for velocity and temperature in the
heated core of a plane jet. The X-probe {the hot wire
resistances were matched to within 19) was operated
by two DISA 55M 10 anemometers and DISA 55M25
linearisers. The contamination of the velocity signal by
temperature was removed using a technique identical
to that described by Champagne [12].

The instantaneous linearised voltage of a single hot
wire is a function of the instantaneous velocity and
temperature respectively. The fluctuating voltage ecan
be written (the maximum value of «/U in the present
experiments is about 0.2) as

e = qu + B0 (3

where « = GE/0U and B = OE/3T. By analogy, the
X-wire voltages may be written

e, = a{utvcoty,) + 4,8

@)
e, = ty{u—vcotyr,) + B,0.

The constants «,, @,, ¥, and ¢, (effective inclinations
of the hot wires to the free stream direction) are found
by calibrating the hot wires in the isothermal stream for
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different speeds, and different yaw angles, while §, and
B, are found by varying the temperature of the jet fora
given speed and with zero yaw. In the present case,
o, =0, and §, = f,. The digital time series correspond-
ing to the fluctuating temperature sensor voltage was
shifted in time to correct for the longitudinal separ-
ation between the X-wire and the cold wire, Signals
from the temperature arrangement were recorded on
an 8-channel FM tape recorder (HP39684) at a speed
of 0.38 ms ™! and subsequently digitised at frequencies
in the range 2-20 kHz, the lower and upper bounds of
this range corresponding to the lowest and highest
values of U, respectively, after appropriate reduction
in the playback speed of the tape. Signals proportional
to u and v were obtained from the X-wire/cold wire
voltages using analogue computer elements. Digital
records were stored on magnetic tapes and discs before
processing on a DEC PDP 11/34 computer.

The growths of thermal and momentum layers were
found to be identical to within + 3% and proportional
to x%79 {x is the distance from the trip)at U, of 4.1 and
14.7ms ™. Most of the measurements were made at
2.24 m from the trip for values of U, 0f2.1,4.1,8.4, 12.6,
16.7 and 18.8 ms ™!, A set of measurements was made
at a constant U, {147 ms™ ') but at different x (0.54,
1.01, 1.91,2.24 and 2.83 m}. The skin friction coefficient
¢, was determined from a Preston tube (two diameters
0.6and 1.22 mm, were used). The wall heat flux Q,,, was
estimated from the slope of the temperature profile in
the linear sublayer. This profile was found to be linear
up to y* = 10. The Wollaston wire was bent, before
etching, into a U-shape to enable measurements of
temperature in this region. The wall heat flux was
determined with reasonable accuracy {+5%), even at
large values of R, when the viscous sublayer is
refatively thin. At x = 2.24 m, measured values of 0,
and ¢, in the z direction were constant to within +2%
over adistance z/8 =~ 1 1.6. A summary of experimen-
tal conditions at x = 2.24m is given in Table 1.

3, MEAN VELOCITY AND TEMPERATURE
RESULTS AND DISCUSSION

Mean velocity profiles measured with the hot wire
are plotted in semi-logarithmic form in Fig. 1. Profiles
obtained with the pitot tube were in reasonable
agreement with those obtained with the hot wire. At all
R, the profiles are in agreement of (1) with x ~ 041 +
0.01 and C = 5.2 + 0.2. It should be noted that the
values of U, used in Fig. 1 were obtained with Preston
tubes using the calibration of Patel [13] (and the
simplified expressions given by Head and Ram [14]).
As the validity of the preston tube calibration at low
R,, has not been directly established in the present
experiment, the constancy of  and C with R,, should
receive some qualification. Murlis et al. [6] have
reported good agreement between the Preston tube
{with Patel’s calibration) and the Stanton tube for
values of R,, extending down to 700. Since the Stanton
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224 m

Table 1. Summary of mean flow data at x

1

(cm)

5y

o

(cm)

28t/c,

8,/8,)

(

{cm)

{cm)

(cm)

12.2

0.10
0.18
0.33
0.46
0.62
0.69

0.83
0.90
0.85
0.73
0.66
0.65

14.6

19.7

1.51
1.50
1.53
1.53
1.40
1.40

1.50
1.47
1.52
1.42
1.41

1.35

0.68
0.53
0.54
0.54
0.57
0.55

1.02
0.78
0.82
0.78
0.80
0.73

54
4.6

54
45

990
1500
3100

4750
6500

212
4.1

139

124

18.2

140

11.6

20.7

44

4.7

8.44
2.64

1673

13.0

12.3

211

4.7

4.5
4.7

1
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12.7

13.0

215

4.8

12.7

13.7

20.0

48 48

7100

18.81
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Fi16. 1. Mean velocity profiles in semi-logarithmic co-

ordinates. Ordinate scale refers to highest curve ; other curves

successively displaced downwards by 2 units. [}, R,, = 990
x, 1500 A, 3100; O, 4750; *, 6500 +, 7100.

tube is submerged within the linear sublayer, its
reading is not expected to reflect the influence, if it
indeed exists, of Reynolds number for small values of
R, It seems therefore reasonable to interpret Fig. 1 as
providing further support for Murlis er al’s [6] and
Purtell et al’s [8] finding that k and C are not affected
by Reynolds number or equivalently, that reliable use
can be made of the Clauser chart technique, with x =
0.41 and C = 5.0-5.4, at all values of R¥. The present
Preston tube values of ¢, are in good agreement (Fig.
2) with those obtained by Murlis et al. and Purtell et al.

Mean velocity profiles obtained for U, =14.7
ms”™!, but for different values of x, also show
agreement with (1) in the inner layer but exhibit, at
relatively small values of x(x < 1 m), a wake region
which is significantly smaller than that in Fig. 1 for
corresponding values of R,,. This difference reflects the
influence of the trip rod. Klebanoff and Diehl [15]
found that, close to the trip, the velocity profile is
considerably influenced by the trip and a minimum
distance of 450 times the size of the trip was necessary
before this influence disappeared. While Graham [16]
suggested that a distance of 100 trip heights is required
before a normal “wake” is established, the present
investigation indicates that a distance of approx. 300
trip diameters is needed to establish a normal “wake".
The settling distance is expected to depend on the
location of the trip (moxe accurately on the ratio of the
trip size to boundary layer thickness) and on the free

* R,, must of course be sufficiently high for the flow to be
fully turbulent.
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FiG. 2. Variation of skin friction coefficient and Reynolds analogy factor with Reynolds number, ¢;: O,
present ; ~ - -, best to fit to data of Murlis et al..; ———, Coles’ distribution. 2St/c, [,

stream turbulence level. A decrease in the “wake”

strength occurs when the free stream turbulence
intensity is greater than 0.2% (e.g. Ahmad et al. [17];
Simonich and Bradshaw [18]). For the present in-
vestigation the measured free stream turbulence level
decreased from about 0.2%; at R,, ~ 990 to about 0.1%;
at R, ~ 7100,

Semi-logarithmic plots of mean temperature pro-
files in Fig. 3 indicate that x, and C, in relation (2) are,
on average, constant and equal to 048 + 0.02and 2.0
+ 0.2 respectively. Since the values of T, used in Fig. 3
depend on U, the independence of x, and C, with
Reynolds number must be qualified in the same
manner as the independence of x and C. The constant
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FiG. 3. Mean temperature profiles in semi-logarithmic co-

ordinates, Ordinate scale refers to highest curve ; other curves

successively displaced downwards by 2 units. Symbols are as
in Fig. 1.

K, is often {e.g. Kader and Yaglom [ 19]) assumed to be
given by

= S
Kg Pr, (5)
Since the turbulent Prandtl number is defined as
w(dU/d
__ wl@U/ay) 6

W0/(2T/dy)

theuse of (1 }and (2)in (6)leads to (5) only if either —uv
and v8 are constant (equal to U? and U.T, re-
spectively) over the logarithmic region or the ratios
—uv/U2and vf/U_ T haveidentical values at the same
value of y*. Present measurements, presented in
Section 4, and those of Fulachier [20] (obtained witha
small unheated starting length) indicate that, in the
inner layer, v8/U T, decreases more rapidly than
—uv/U? with increasing y. The present value of 0.85
for the ratio x/x, is only slightly smaller than the value

06t A
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Fic. 4. Extent of velocity and thermal logarithmic regions as

a fraction of the boundary layer thickness. O, velocity; A,

temperature; +, Perry and Hoffmann; *, Orlando et al.; [,
Fulachier.
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of 0.87 suggested by Yaglom [21]. Fulachier [20]
obtained values for x, and C, of 045 and 3.1 re-
spectively at R,, ~ 5000, whereas Perry and Hoffmann
[22] (identical origins for momentum and thermal
layers) assumed the values suggested by Kader and
Yaglom [19] (x, = 045; C, = 3.3) for a “thermal”
Clauser chart determination of Q.. To within the
experimental uncertainty, the present value of C, is in
good agreement with that obtained by Antonia et al.
[23] well downstream of a sudden increase in surface
heat flux but is smaller than previous estimates of C,.
Yaglom [21] mentions that C,, which depends on Pr, is
rather difficult to determine but the scatter in C, is no
larger than the scatter in C.

The extents ! and I, of the velocity and temperature
logarithmic regions were inferred from the straight line
portions of Figs. 1 and 3 and are plotted in Fig. 4 as a
function of Reynolds number. Expressed as a function
of 4, I decreases slowly as R, increases up to about
3100. The ratio /6 remains approx. constant for R,, >
3100 and its magnitude is only slightly larger than the
values of Purtell et al. [8] which are in the range
0.15--0.2. These authors indicated that for smaller R,
[/ may increase slightly but no definite conclusion was
drawn because of the scatter in the data. For R, <
4750, the increase of 1,/6, with decreasing R, is more
pronounced than the increase of [/8. The present trend
for 1/d, is in good agreement with that deduced from
the data of Perry and Hoffman [22]. However, I”
(= 1U /v) and I show a linear increase with R, and
the extent of /7 is, on average, about 70% greater
than I”.

Similarity on outer layer variables of the mean
velocity and temperature profiles is tested in Figs. §
and 6, when the thickness A, introduced by Rotta [24],
and its thermal analogue A are used as the normaliz-
ing length scales. It follows from the definition of A and
A, that the areas under the curves in Figs. 5 and 6 are
equal to unity. The ratio of A/A;, which may be
inferred from Table 1, ranges from 1.35 to 1.78. The
deviation from unity of this ratio was attributed by
Perry and Hoffmann [22] to a breakdown of the
Reynolds analogy. The outer layer scaling of the
profiles seems adequate, at all Reynolds numbers,

20 - T T
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FiG. 5. Mean velocity defect. {1, R,, = 990; x, 1500; A,
3100; o, 4750; *, 6500; +, 7100. Where symbols overlap
only one symbol is shown.
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when y/A (or y/A;) is greater than 0.1. At R, = 990
and 1500 and when y/A < 0.1, the departure of the
velocity defect in Fig. 5 from the trend followed by ali
the data for R,, > 3100 is fairly evident. Any deviation
of the temperature defect at R,, = 990 and 1500 in Fig.
6 is not easy to distinguish, suggesting that outer layer
scaling seems to be valid for the mean temperature
field at all values of R,, (within experimental scatter).

Mean velocity and temperature distributions in the
outer layer may be written as

U i . o B
—=—Iny" + C + - w(y/o), {73
U, « K
Tw -T 1 + - nu N
T =y 4 G+ Ty (8
Tr K() K.’)

where w and w, are velocity and thermal “wake”
functions respectively and I1 and I1, are “wake”
parameters which reflect the strengths of these
“wakes”. The third term on the right sides of (7) and (8}
represent deviations from the logarithmic laws (1) and
(2) and are shown plotted in Figs. 7 and 8§ as functions
of y/8 and y/é+ . Also shown in Fig. 7 are the deviations
corresponding to Coles” [1] tabulation of the wake
function w(y/8) and Dean’s [25] semi-empirical
formula

I . 1 N | o
Swip/o) = (1 + OTI(y/0Y = - (L+4T1)(y/0. (9)
K C .

Both (9) and Coles’ wake function satisfy the con-
ditions w(l) = 2 and w(0) = 0. In addition, (9} satisfies
the conditions that at y = O and y = ¢ the derivatives
of w with respect to y/é are equal to zero and — I/x
respectively. Coles’ tabulation represents the data
more satisfactorily than (9), except perhaps at R,, =

+ Note that the use of 8 or §, which are readily available in
the literature, cannot be regarded as equivalent to using A or
A, since the proportionality between é and A or between §,
and A, depends on R,

* The present range of R,, did not extend to sufficiently
large enough values to substantiate Mabey's [26] finding that
the wake component reaches a maximum about R, = 6000
before decreasing slowly. Mabey found that the maximum
was significantly higher at supersonic than at subsonic
speeds. Mabey’s results that the wake component is zero at
R, =~ 600 differs from Coles’ tabulation for 2I1/x which
indicates the disappearance of the wake at R,, ~ 460 and
Purtell et al’s [8] finding that a substantial deviation still
exists at R, ~ 460.
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990. In analogy to (9), the thermal wake function can
be written as

11 1
—Lw(y/d7) = — (1+6T1)y/d,)
Ky Ky

— L8, (10)
8

with boundary conditions analogous to those for the
velocity wake function. Expression (10) yields a satis-
factory representation of the data (Fig. 8) at least for
the three higher Reynolds numbers considered here
and for values of y/6 extending up to about 1. At R, =
3100 and 1500, an expression similar to Coles’ wake
function is in slightly better agreement with the data
than (10). The extent of the thermal wake at R,, = 990
is too small to allow meaningful comparison with (10)
or Coles’ wake function.

Maximum deviations of mean velocity and mean
temperature in the outer layer from the logarithmic
distributions are given by 2I1/k and 2I1,/k, respec-
tively. These deviations characterise the strengths of
the “wakes” and are shown plotted in Fig. 9 as a
function of R,. The present values of 2[1/x are in
reasonable agreement with Coles’ [1] proposed asym-
ptotic function (shown in Fig. 9) and the more recent
results of Murlis et al. [6] and Purtell et al. [8). The
present distribution of 2I1/x, exhibits the same quali-
tative behaviour} as 2I1/k, increasing in magnitude
with increasing R,, and reaching an approximately
constant value for R,, = 5000 of about 1.4, approx. half
the value of 2I1/x over this Reynolds number range.
This maximum value for 2I1y/x, is in good agreement
with the values inferred from the data of Perry and
Hoffmann [22] and Perry er al. [27]. 1t is a little
smaller than the value of about 1.9 obtained by

o 1 ! | L I
02 04 06 08 10 12 14
A
8
FiG.7. Velocity “wake” distribution. Symbols are as in Fig. 1.
———, equation (9); ——, Coles.
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F1G. 8. Thermal “wake” distribution. Symbols are asin Fig. 1.
———, equation (10); ——, Coles.

Simonich and Bradshaw [18] at R, =~ 6000.
Zukauskas and Slanciauskas’ recommendation (re-
ported by Yaglom [21]) of 1.5 for 2[1,/x, is in good
agreement with the present value,

For R,, <3100, the present values of 2I1,/x, decrease
more slowly than the values inferred from Perry and
Hoffmann’s data or Orlando et als [28] data. The
relatively rapid decrease (R,, < 3100) of Perry and
Hoffmann’s I1, values may be partly attributed to the
presence of a slight favourable pressure gradient. It
should also be noted that, as in Murlis et al.’s [8] study,
the R, variation in Perry and Hoffmann’s experiment
was achieved by varying x. Perry and Hoffmann’s
mean temperature profile at R,, = 1790 indicates a
negative value of IT,,

The present distributions of 2I1/k and 2I1,/x, at low
values of R,, do not preclude the possibility that both
velocity and thermal wakes may disappear at approxi-
mately the same Reynolds number. The decreasing
magnitude of the difference (IT, — IT) when R, is less
than 3100 may have a direct effect on the Stanton
number St and on the Reynolds analogy factor 2St/c;.
An expression for 28t/c, can be easily obtained from

::“l;n I~ § +10% At
o +
1 { }
0o 2000 4000 6000 8000
Rm

FiG.9. Variation of velocity and thermal wake strengths with

Reynolds numbers. 2I1/k: [], present data with C = 5.2;

——, Coles’ best fit to the data. 2IT,/k,: A, present data with

Co = 20; O, Orlando et al.; *, Perry et al.; +, Perry and
Hoffmann.
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(7)and (8). Evaluation of (7)and (8)aty = &(U = U ;

T = T,) and elimination of U /v from these equa-

tions yields (e.g. Simonich and Bradshaw [18])
285t ()
¢ 1HI/(ey2)

where

Cy, — Crc + 2(0,—T1)
- ‘

ili

The present trend for the difference (I1, — IT) could
suggest that the increase in \/(c) for R,, < 1500 is not
accompanied by a proportional increase in the ratio
2St/c,. The increase in ¢, in the denominator of (11) is,
to some extent, offset by a decrease in I(<O0, since
Ck> Cpx, and T <I1). For the present values of the
constants C, C,, k, k, and of the parameters IT,, IT, the
ratio 2St/c, decreases only slightly from about 1.41 at
R,, ~990to 1.36at R,, ~ 7100. Experimental values of
28t/c,, shown in Table 1, vary between 1.54 and 1.4.
Although the effect of free stream turbulence level on
the boundary layer is outside the scope of the present
investigation, mention should be made of Simonich
and Bradshaw’ s finding of the dissimilar variations of
IT and M1, with increasing turbulence level u'/U ;. As
this level is increased from 0.3 to 4.7%, 2I1/k decreases
monotonically from 2.6 to zero but 211,/k,, following
an initial decrease, remains constant when /U,
exceeds 0.025.

The plot of T* (= T,-T/T,—T;) vs. U* (=
U/U,)in Fig. 10 shows that, at all values of R,,, the data
follow the straight line T* = U* for values of U* or T*
greater than about 0.5. Pimenta et al. [29] presented
plots of T* vs. U* for boundary layers over rough
walls with and without blowing. They also com-
pared these plots with a profile obtained by Blackwell
et al. [30] over a smooth wall. The smooth wall
profile appears to follow the distribution T* = U*
across the whole layer. Although the rough wall pro-
files also exhibit a linear distribution over most of
the layer, its slope is equal to 0.85 (these authors
suggested that a temperature jump condition exists
at the wall). Orlando et al. [28] attributed the di-
vergence between rough and smooth wall results in
the region near the wall to the dominance of molecular
transport close to the smooth wail surface. The
equality T* = U* follows from the mean momentum
and enthalpy equations for a zero pressure gradient
boundary layer only when certain specific conditions
are satisfied. In particular, the origins for the momen-
tum and thermal layers should coincide and both
molecular and turbulent Prandtl numbers should
equal unity. The validity of the eddy viscosity and eddy
diffusivity concepts is implicit in the last requirement.
Orlando et al. [ 28] noted that, for their rough surfaces,
the momentum and thermal layers could not be forced
to have the same virtual origin. The present exper-
iment meets the requirement of a common virtual
origin. The difference between boundary conditions
for heat and momentum transfer can be attributed to
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FiG. 10. Mean temperature versus mean velocity. Symbols
are as in Fig. 1.

the influence of Pr on heat conduction at the boundary
and is probably responsible for the deviation of the
datain Fig. 10from the relation T* = U* in the region
near the wall. In the remaining part of the layer, Pr,~ 1
is at best a rough approximation and the molecular
Prandt] number is not expected to play a significant
role, at least at large values of R, It may be argued
that, as R,, decreases, the increased importance of the
superlayer could lead to an increased influence of the
molecular Prandtl number in the outer layer. Such an
influence is not evident in the results of Fig. 10.

4. VELOCITY AND TEMPERATURE FLUCTUATIONS

Similarity scaling for turbulent boundary layers
suggests that, close to the wall, r.m.s. values of u and 8
are given by

u'

U = h(y"} {12a)
and

0

= hy(y™} (12b)

Lo %

R
o ! ! ba f Sl +
o0 10! 10? 103 i
Y+
Fic. 11. Reynolds number variation of distribution of r.m.s.
longitudinal velocity, with scaling on wall variables. Symbols
are as in Fig. 1.
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flow region, self-preservation suggests that

’

u

i = f(y/A) (13a)

and

g— = foy/A7)- (13b)
The present distributions of «' and & across the
boundary layer are plotted in Figs. 11 and 12 using
wall variables and in Figs. 13 and 14 using outer flow
scaling. Figure 11 indicates reasonable similarity of u’
up to about y* = 10. Although the maximum value of
w//U, occurs at y* ~ 15, the scatter in the maximum
value of w'/U, is significant (2.1-2.4) and does not
permit a definite conclusion with regard to the in-
fluence of R,, on distributions of u’ over the logarithmic
region. For R,, = 990, v’ decreases fairly rapidly with
y* after the maximum is reached while for R,, > 4750,
u’ decreases relatively slowly over a significant part of
the logarithmic region. Similarity of § on wall vari-
ables appears to extend (Fig. 12) to larger values of y*
than for ' but the maximum value of §/T, occurs at
approximately the y* location at which 4'/U, is
maximum. The outer layer scaling in Fig. 13 indicates
reasonable similarity for R,, > 3100 in the outer part
of the layer. Temperature profiles in Fig. 14 also
exhibit similarity at a large value of R, distributions at
R, < 3100 differing markedly from those for R,, >
3100. Using smooth walled pipe flow data, Perry and
Abell [31] proposed a region of overlap between an
inner scaling, as given by (12a), and outer scaling,
(13a), which leads to a universal value of «'/U, in the
wall region of the flow. Perry and Hoffmann [22]
indicated that while similar arguments would, at first
sight, indicate that u'/U_ should be constant over the
logarithmic region of a turbulent boundary layer, the
energy-containing region of spectra in a turbulent
boundary layer need not scale with U, and y alone
{experimental evidence showing the influence of the
inactive motion was given by Bradshaw [32]) suggest-
ing more complicated scaling laws in boundary flow.
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The boundary layer distributions of u’/U , obtained by
Perry and Hoffmann, did not indicate a region where
/U, is constant; however, these authors noted the
presence of a knee in these distributions at a value of
/U ~2.2. Perry and Abell [33] indicated that such a
simple scaling law is not valid and, from spectral
considerations, proposed that broad-band turbulence
intensity profiles should possess a logarithmic singu-
larity, Further supporting evidence for this proposal
has been given by Henbest et al. [ 34]. The distributions
of Fig. 11 suggest that a knee occurs when /U, is in
the range 1.9-2.0 but seem to indicate that w'/U_ =
constant may be a good approximation at large values
of R,

Yaglom [21] extended the simple scaling law of
Perry and Abell [31] to high order moments of
velocity and scalar (temperature and concentration)
fluctuations. In the latter case, he showed that the ratio

6"/T" is expected to be constant over a region which
corresponds approximately (at least when Pr, ~ 1)

with that over which 4”/U” is expected to be constant.
Yaglom indicated that existing data on moments of §
are somewhat unreliable and suggested that the dis-
crepancy between atmospheric and laboratory values
of 6?/T? may reflect the influence of Reynolds number.
The present distributions of 8'/T', seem to suggest that
a plateau region would be attainéd, if at all, at much
higher values of R, than for «'/U.. A knee at 6//T, ~
1.5 is evident for the larger values of R, (Fig. 12).
The normalized Reynolds shear stress —uv/U 2 (Fig.
15) is approx. equal to unity in the logarithmic region
0.05 < y/6 < 0.2, and exhibits good similarity in the
outer part of the layer over the complete Reynolds
number range. The Reynolds shear stress data of
Murlis [7] can be interpreted to be in agreement with
the present distribution as no obvious dependence on
R,, can be detected. The present values of —up/ U?are
in close agreement with those of Pimenta et al. [29] but
are larger than those obtained by Klebanoff [35] for
R,, = 7800. Reynolds shear stress measurements made
with the wall unheated were in good agreement with

24 e —_

1010

Fi1G. 12. Reynolds number variation of distributions of r.m.s. temperature, with scaling on wall variables.
Symbols are as in Fig. 5.
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FiG. 13. Distributions of r.m.s. velocity, with scaling on outer flow variables. Symbols are as in Fig. 5.

those made with the heated wall providing good
support for the suggestion made earlier that the
temperature is a passive marker of the flow.

Like the —uv/U? profiles, distributions of v6/U. T,
(Fig. 16) exhibit good similarity over most of the layer
for R,, > 4750. However, in contrast to the trend for
—uv/U?, v8/U T, is not constant in the log region, at
least at the larger values of R,,, but shows a continuous
decrease with increasing distance from the wail. For
R,, < 4750, the magnitude of vf/U,T. shows a
systematic decrease with decreasing R,. Although
different experimental runs confirmed the reproduci-
bility of this trend, it seems difficult to reconcile the
near wall magnitude of vf (Fig. 16) at the three smaller
values of R,, with the expectation, based on a con-
sideration of the mean enthalpy equation, that the
gradient of the total heat flux (v0 — y0T/dy) should
approach zero as y approaches zero. The molecular
contribution to the total flux is negligible at y/0 = 0.1
and cannot explain the departure of the lower R,
distributions of v6 from those at higher R,,. Fulachier’s

measurements of 08 at R, ~ 5000 are in reasonable
agreement (Fig. 16) with the present distributions.
Blom [36] presented measurements of 10 at two values
of U, corresponding to R,, >~ 1400 and 2000. Although
Blom’s values (only those at R,, ~ 2000 are shown in
Fig. 16)are in closer agreement with Fulachier’s values
or the present measurements at the larger R, a
correction factor was applied by Blom to v0 (and also
to —uv). This correction was determined by matching
the maximum measured value of v with that calcu-
lated, using the mean enthalpy equation, from the
measured mean velocity and mean temperature pro-
files. Corrected values (shown in Fig. 16) of v6 were
approx. 50%, larger than the measured values. The
need for such a correction was attributed to the non-
uniform distribution of velocity and temperature fields
along the length of the wires. For Blom’s X -wire/cold
wire geometry, the cold wire was perpendicular to the
heated plate and parallel to the plane of the X-wire.
Values of v’ and 6 obtained from this geometry were
10-14%, (apparently independent of y/4) smaller than
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Fii;. 14. Distributions of r.m.s. temperature, with scaling on outer flow variables. Symbols are as in Fig. 5
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02

Fic. 15. Reynolds shear stress distributions. Symbols are as
in Fig. 5. ——, Klebanoff; - —~, Pimenta et al.

those obtained with single wires oriented in the
spanwire direction, paralle] to the wall. While Blom
argued that this discrepancy provided some justifi-
cation for correcting vf and uv, the present X-wire
values of 1’ agreed (to better than 5%) with those from
a single wire. Further, since the present distributions of
~uv/U? were found to be in close agreement with
those calculated from the mean momentum equation,
the application of a correction to v8 of the kind used by
Blom did not seem justifiable. A correction due to the
physical separation between the cold wire and the
centre of the X-wire was however, as noted earlier,
applied to all present measurements of v and uf. This
correction only amounted to about 2-3%.
Distributions of ub/U, T, (Fig. 17) are almost inde-
pendent of R, and although they are qualitatively
similar to Fulachier’s values, they are smaller than the
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02

. 16. Normal heat flux distributions. Symbols are as in

5. ——, Fulachier; —~—, Orlando et al.; - - ~ - -, Calcu-
1 from mean enthalpy equation (R,, = 4750). O, Blom
(R,, > 2000).
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FiG. 17. Longitudinal heat flux distributions. Symbols are as
in Fig. 5. ——, Fulachier.

present values by about 25-40%. To estimate Pr, (Fig.
18), the gradient 0T/0U was inferred directly from
plots (Fig. 10) of T* vs. U*. Except for R,, = 990, it is
difficult to detect any systematic R,, dependence due to
the relatively large uncertainty (+20%;) in estimating
Pr,.

Correlation coefficients R,,, R,,and R, (Fig. 19} are
approx. constant in the region 0.2 < y/é < 0.7 and do
not exhibit any noticeable dependence on R,. Al-
though the present values of R, are in good agreement
with the value of —044 commonly found in the
literature, the agreement between published values of
R,, and R, is generally poor. The present values of
R,, are identical to Chen’s [37] values but about 50%,
smaller than those of Fulachier [20] and Orlando et al.
[28]. The present values of R, are about 309, greater
than Chen’s [37] values and about 50% larger than
Fulachier’s values.

The structure parameter a,, [= 1v0/8' (—uv)'?]
(Fig. 20) is constant, for R,, > 990, approx. equal to
0.5. For comparison, Bradshaw and Ferriss [38] and
Fulachier [20] obtained values of 0.45 and 0.75
respectively. Another structure parameter is the ratio

u—z/ﬁi, also shown in Fig. 20. This ratio is essentially
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F1G. 18. Turbulent Prandtl number distributions. Symbols
are as in Fig 5.
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FiG. 19. Correlation coefficients R,,, R,, and R, Symbols
are as in Fig. 1. -- - -, Fulachier; ——, Chen.

independent of R, except at R,, = 990 where its
magnitude is rather large. Murlis et al’s {6] measure-
ment indicate only a slight R,, dependence for R, >
2000. However, their R,, trend is opposite to the
present one, and their values of uT/sz are smaller than
the present values by about 50%,.

5. SUMMARY OF RESULTS
Measurements in the turbulent boundary layer on a
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Fic. 20. Distributions of structure parameters u°/v* and a, o
Symbols are as in Fig. 5. ——, Kiebanoff.
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smooth plate at zero pressure gradient indicate that,
for both momentum and thermal fields, the law of the
wall does not vary with Reynolds number. Constant
values are found for x, C and for the analogous
parameters k, and C, which appear in the logarithmic
temperature distribution. The extent of the logarith-
mic velocity and temperature regions remains pro-
portional to the boundary layer thickness when R, =
3100. As a proportion of the boundary layer thickness,
the extent of the velocity log-law and especially that for
the temperature log-law increase as R, decreases
below 3100.

The influence of viscosity on the outer region of the
boundary layer is reflected in the variation with R, of
the strengths of the velocity and thermal “wakes™. The
thermal wake strength is approx. one-half that for the
velocity wake. However, mean velocity and mean
temperature defect profiles are approximately inde-
pendent of R, in the outer layer. The deviation from
the temperature log-law in the outer layer is reas-
onably well described by expressions analogous to
those which describe the velocity wake. A limear
relationship between mean temperature and mean
velocity exists over a significant region of the layer at
all R,

Profiles of r.m.s. temperature and longitudinal ve-
locity fluctuations scale recasonably well with wall
variables for y* < 15. Only approximate scaling on
outer layer parameters is obtained when R, is greater
than about 3100. Correlation coefficients between
velocity and temperature fluctuations do not appear to
be strongly affected by R,,. The effect of R, on the
turbulent Prandtl number and on the turbulence
structure parameter a,, is significant only at the
smallest Reynolds numbers investigated. This latter
result should be treated with caution since it reflects
the relatively small measured values of the normal heat
flux in the region close to the wall at these Reynolds
numbers.
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EFFET DU NOMBRE DE REYNOLDS SUR UNE COUCHE LIMITE
TURBULENTE FAIBLEMENT CHAUFFEE

Résumé—Des mesures sur une couche limite turbulente, faiblement chauflée, avec des origines essentielle-
ment identiques pour les champs thermique et dynamique, montrent que les constantes dans les régions
logaritmiques de vitesse et de température ne varient pas avec le nombre de Reynolds. L’étendue de ces
régions, par rapport a I'épaisseur dce la couche limite, est approximativement constante et indépendante du
nombre de Reynolds d’épaisseur de quantité de mouvement R,, quand R,, & 3100. L'écart a la loi
logarithmique de température dans la couche externe est raisonablement bien décrit par des expressions
analogues a celles qui décrivent le “sillage”. La valeur maximale de cette déviation augmente avec R,, dans le
domaine 990-4750, mais elle est approximativement constante pour R,, > 4750 et égale a environ la moitié
de I’écart maximal de vitesse. Les distributions de moyennes quadratiques de vitesse et de température
s'accordent modérement avec les variables pariétales dans la partie interne de la sous-couche pour tout R,,.
Pour la zone externe, I'accord est a peu prés obtenu quand R,, & 3100. Le seul effet notable de R, sur le
nombre de Prandtl turbulent et sur les paramétres de la structure de turbulence est observé aux plus petits
nombres de Reynolds étudiés.
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DER EINFLUSS DER REYNOLDS-ZAHL AUF EINE SCHWACH BEHEIZTE TURBULENTE
GRENZSCHICHT

Zusammenfassung — Messungen an einer schwach beheizten turbulenten Grenzschicht mit im wesentlichen
identischen Anfangspunkten fiir Impuls- und thermische Felder zeigen, daB die Konstanten in den Bereichen,
in denen Temperatur und Geschwindigkeit einen logarithmischen Verlauf haben, sich mit der
Reynolds—Zahl nicht dndern. Die Ausdehnung dieser Gebiete im Verhaltnis zur Grenzschichtdicke ist
niherungsweise konstant, unabhédngig von der mit der Impulsgrenzschichtdicke gebildeten Reynolds—-Zah!
Re,, wenn Re,, < 3100 ist. Die Abweichung vom logarithmischen Verlauf der Temperatur in der duBeren
Schicht wird annehmbar gut durch zum Geschwindigkeits-Nachstrom analoge Ausdriicke beschrieben. Der
maximale Wert dieser Abweichung nimmt mit Re,, im Bereich von 990 bis 4750 zu, ist aber niherungsweise
konstant bei Re, > 4750, und etwa gleich der halben maximalen Geschwindigkeitsabweichung. Die
Verteilungen der quadratischen Mittelwerte von Geschwindigkeit und Temperatur verhalten sich ungefahr
entsprechend den Wandvariablen im inneren Teil der Unterschicht bei allen Re,,. Der Bezug auf die
Variablen der aufleren Stromung ist nur ndherungsweise mdoglich, wenn Re,, 3 3100 ist. Der einzige
nennenswerte Effekt von Re,, auf die turbulente Prandtl-Zahl und die Strukturparameter der Turbulenz
wird bei der kleinsten untersuchten Reynolds—Zah! beobachtet.

BJIMAHHUE YMCJIA PEHHOJNIBACA HA CJIETKA HAIPETbIA TYPBYJIEHTHBIA
NOTrPAHMUYHBIA CNOM

Annotanms — Pe3ynbTaThl H3MEPEHUA, NPOBEAEHHBIX B CNErKa HATPETOM TYPOYNEHTHOM NOrPAHHYHOM
CJIOE MPH MOYTH OJMHAKOBLIX 3HAYEHHAX BHPTYaNbHOTO Ha4ala AMHAMHYECKOIO M TEMICPATYPHOIO
MOJIEH, MOKA3bIBAIOT, YTO KOHCTAHTHI B CKOPOCTHOM M TemnepaTypHo#t norapudmuueckux obnactsx
HEe W3MEHAIOTCH C M3MeHeHHeM uHucna PeitHonbaca. IlpoTsaxkeHHOcTh 3THX obsiacteidl OTHOCHTENBHO
TOJIUMHBLL NOTPAHUYHOTO CJ10S MOYTH HE MEHSETCH H He 3aBHCHMT OT vucia Peitmonbiaca R, , pac-
CYHTAHHOTO MO TOJIIMHE NOTepH uMnynbca npu R, = 3100. OTkioHEHHe OT TeMIEpPaTypHOro nora-
PUPMHYECKOTO 3aKOHA BO BHELLHeN 00J1acTH JOBOJIBHO XOPOILO ONMUCHLIBACTCH BBIPAXEHHSAMHU, KOTOpbIE
AHAJIOrHYHB! 3aBHCHMMOCTSM, HCOO/b3YeMBIM IS OMMCAHUS CKOpPOCTHOTO ‘‘ciiepa’’. MakcuMmanabHOe
3HAYEHHE >TOTO OTKJIOHEHHA BO3PACTAET C yBeu4cHHEM yncna R,, B quanasoune 9904750, Ho ocraerca
[OYTH NMOCTOAHHBIM TIPH R,, > 4750 ¥ npHOIU3HTEIEHO PABHBIM NOJNOBHHE MAKCHMAIBHOIO OTKJIOHEHHS
ckopocTH. Pacnpenesnense cpeAHeKBaAPATHYHLIX 3HAYEHUA MyJbCAlldi CKOPOCTH W TEMIEpaTyphi BO
BHYTpeHHeR 061acT¥ noacios, HOPMHPOBAHHBIX NAPAMETPAMH HA CTEHKE, MPAKTHYECKH YHUBEPCAIBHO
npyd Beex 3HAYEHHsX R, . VHUBEpCaNbHOCTh pAacnpefesieHHs XapaKTEPHCTHK BO BHEUIHEH 4YacTH
HOACIOS NOCTHraercs Toexo npu R, = 3100. 3ametHoe Bausnue udcna R, Ha TypOy/ieHTHOE HHCIO
[pauamis ¥ NapaMeTps! CTPYKTYPHI TYPOYIEHTHOCTH OTMEYAETCH TOJIBKO NPH CAMBIX MANbIX HCCIEN0-
BAHHBIX 3HA4YeHMsX YHciaa PeliHosbaca, JOCTHTHYTBIX B HACTOAIUIEM HKCNEPUMEHTE.



