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STRUCTURE OF TURBULENT VELOCITY AND
TEMPERATURE FIELDS IN ETHYLENE GLYCOL PIPE
FLOW AT LOW REYNOLDS NUMBER
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Abstract—Mean velocity profiles and turbulent intensities under isothermal conditions were measured
in ethylene glycol flowing through a 1-434 in. i.d. vertical pipe at a Reynolds number of about 6000. In
addition, the rms temperature fluctuation ' and the turbulent velocity—temperature correlation u,! were
also measured under a uniform heat flux of 8000 Btu/hft? using a hot-film sensor. Temperature spectra
at various radial locations, the velocity spectrum at the center of the pipe and various scales of turbulence
were estimated.

Results show that the mean velocity distribution in the turbulent core lies above the “universal velocity
profile.” Comparison with Laufer’s data indicates that the structure of isothermal turbulence within the
viscous sublayer is independent of Reynolds number within the range N, = 6000-50000. Near the center
of the pipe #, and ¢’ exhibit radial homogeneity. In this region, the turbulent velocity—temperature field
approaches isotropy. The velocity spectra estimated do not exhibit a wave number region with a —3%
slope as predicted by Kolmogoroff, nor do the temperature spectra follow the predictions of Batchelor’s

uniform straining model under the low Ny, high Nj, conditions of the experiment.
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NOMENCLATURE indicates physical properties evalu-
C,,  specific heat at constant pressure; ated at the film temperature;
e, instantaneous voltage fluctuation; Np,, Pranfitl number, §ubscr1pt f indicates
e, root-mean-square voltage fluctua- physical properties evaluated at the
tion: film temperature;
E, instantaneous bridge voltage; P, pressure;
E, time averaged d.c. voltage; qw,  heat flux at the wall;
E, spectrum function of the temperature R, radius of the pipe; _
fluctuation, t; Reynolds number; R,, resistance of the sensor at ambient
E,,  three dimensional spectrum function temperature; .
of the velocity fluctuation, u; R, resistance of the sensor at operation
E,,, one dimensional spectrum function; temperature;
E,., one dimensional spectrum of u.f; R;,  turbulent Reynolds number;
f frequency [Hz]; r, distance from the center of the pipe;
f friction factor: S., velocity sensitivity of the hot film
k, wave number, 2nf /U ; Sensor; o
Ng Reynolds number, subscript f S, temperature sensitivity of the hot film
‘ SEensor;
T, instantaneous temperature ;
* Present address: E. I. duPont de Nemours & Co., T, tn-ne. averaged temperature;
Photo Products Department, Parlin, New Jersey 08859. T*, friction temperature, q,,/pC, U*; -
ey p



T,,  wall temperature, time averaged;

7., sensor temperature;

TW*) (Tw - T)/T*,

t, fluctuating component of tempera-
ture;

t, root-mean-square temperature fluc-
tuation;

U, instantaneous velocity [ft/s] :

U, time averaged velocity;

u., 4, instantaneous velocity fluctnations in
the axial and radial directions, respec-
tively;

U, rms velocity fluctuation in the axial
direction;

w2, Reynolds stress component;

uit,  axial-velocity-temperature correla-
tion;

U* friction velocity;

ut, U/U*;

¥, distance from the pipe wall;

yh,o Urypv;

o, rate of change of sensor resistance
with temperature;

a, partial differential operator;

3 thickness of the viscous sublayer;

dr, thickness of the thermal sublayer;

£4s rate of dissipation of the kinetic
energy of turbulence per unit mass;

£, rate of dissipation of the ‘energy’ of
temperature fluctuations per unit
mass;

A, Eulerian integral scale or macroscale
of velocity fluctuations;

A, integral scale of temperature fluctua-
tions;

Ags microscale of velocity fluctuations;

Ay microscale of temperature f{luctua-
tions;

H viscosity;

P, density;

v, kinematic viscosity;

a, thermal diffusivity;

INTRODUCTION
Background

THIS investigation is part of a larger program
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concerned with turbulence characteristics of
several fluids covering a range of Prandtl number
and at a range of Reynolds numbers in order to
achieve a better understanding of turbulent
transport phenomena.

From experimental data for turbulent flow
in circular pipes, several empirical expressions
have been formulated in the literature to describe
the mean velocity profile and friction factor.
Such empirical versions of a “universal velocity
profile,” or “law of the wall” give reasonably
good predictions of these parameters for
Reynolds numbers above 30000. A recent work
by Reynolds [1], however, indicated that in the
Reynolds number range of 5000-30000, even
the friction factors deviate from the empirical
predictions by more than 20 per cent.

For the higher Reynolds numbers, we have
the detailed measurements by Laufer [2] made
in air flowing through a pipe at Reynolds
numbers of 50000 and 500000. The results of
Patterson [3] and Knox [4] for organic liquids
flowing in pipes agree with Laufer’s results at
nearly the same Reynolds numbers. However,
with the exception of the measurements of
Bakewell [5] in glycerine at Ny, = 8700, few
measurements in liquids or even in air are
reported for turbulent pipe flow at low Reynolds
numbers.

Several sets of experimental data for rms
intensities of turbulent temperature fluctuations
in fluids flowing through pipes have also been
reported in the literature, eg for air by Tanimoto
and Hanratty [6], for water by Subbotin et al.
[7], for mercury by Bobkov et al. [8] and for
both mercury and ethylene glycol by Rust and
Sesonske [9]. Extension of these measurements
to turbulent velocity temperature correlations,
which represent the heat flux transported by
turbulence is desirable for understanding the
nature of such transport. The axial turbulent
velocity-temperature correlation u,f has been
measured for air in thermal boundary layers
by Johnson [10] and Arya [11]. However,
no measurements for pipe flow have been
reported.
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The theoretical models
A one dimensional spectrum E, (k) of the
velocity fluctuation u, can be defined so that

2 = | Ey k) dk )
0

where k is the wave number related to both the
frequency f, and the mean velocity U, by the
relation

2af
k = =
U

A three dimensional spectrum function E,(k)
is more convenient than E, (k) for theoretical
treatments. In an isotropic turbulent field, if
E, (k) varied as k", it can be shown that E (k)
also varies as k" Experimentally measured one
dimensional spectra can, therefore, be used to
test the validity of various spectral theories.

The theories of Kolmogoroff [ 12], Heisenberg
[13], Pao [14] and Kraichnan [15] predict the
shape of the three dimensional spectrum.
According to Kolmogoroff's hypotheses, at
large Reynolds numbers the small scale com-
ponents of motion become isotropic and inde-
pendent of large scale motion. Also, there
develops a wave number region in which the
transfer of energy among different scales of
motion will be governed by inertial transfer.
In this inertial subrange, E (k) is independent of
the kinematic viscosity v, and varies with k as

Efk) = Celk™* 3

where g, is the rate of dissipation of turbulent
energy per unit mass and C is a constant.

At very large values of k, where viscosity
plays an important role, E (k) varies as k™7,
according to Heisenberg, so that

E (k) = Cyglv™*k™". 4)

Spectra of velocity fluctuation measured by
Laufer [2] show a —3 region for the turbulent
Reynolds number R; < 200, when the mean
velocity gradients were not too large. On the
other hand, the Heisenberg theory has not been
adequately tested experimentally. In fact there
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are little data available to validate either theory
for low Reynolds number pipe flow.

The problem of turbulent scalar mixing was
developed by Obukhov [16] and Corrsin [17]
along the lines of the theory of Kolmogoroff for
turbulent motion. They showed that the spec-
trum E (k) of the scalar fluctuation t, would have
a convective subrange with a spectral form

E(k) = Ace; k™% 5

where A is a dimensionless constant ¢, and ¢, are
the dissipation rates of the velocity and tempera-
ture fluctuations and k is the wave number.
Batchelor [ 18] pointed out that for fluid systems
with large Prandtl numbers a viscous—con-
vective subrange would exist beyond this
convective subrange. From a uniform straining
model, he showed that in the viscous—convective
subrange the spectrum would vary as k™.
Beyond this viscous convective subrange, a
viscous—diffusive subrange would exist in which
a rapid decay would occur.

Concentration and temperature spectra
measured in a water tunnel by Gibson and
Schwartz [19] and concentration spectra
measured in a pipe by Nye and Brodkey [20]
are in agreement with Batchelor’s uniform
straining model. However, this model has not
received experimental support when applied to
turbulent temperature fields in high Prandtl
number fluids flowing through pipes.

Objectives

This work was undertaken to investigate the
structure of turbulence in pipe flow at the
relatively unexplored low Reynolds number of
6000, in both isothermal as well as noniso-
thermal conditions {under a uniform heat flux
of 8000 Btu/hft?). Specifically, (1) to compare
the mean velocity profile obtained with the
others available for approximately the same
Reynolds number, as well as with the “universal
velocity profile” prediction, (2) to compare the
intensities of axial velocity fluctuations obtained
at this low Reynolds number with those reported
by Laufer at higher Reynolds numbers of 50000
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and 500000, (3) to compare all the above iso-
thermal features with the corresponding results
obtained for the nonisothermal case, (4) to
obtain the radial distribution u,t, representing
the heat flux transported in the axial direction
by turbulence, which hitherto has not been
reported for pipe flow, (5) to obtain the spectrum
of u,t which also has not been reported to date
and, (6) to compare the measured velocity and
temperature spectra with the theoretical pre-
dictions.

EXPERIMENTAL DETAILS

Apparatus

As shown in Fig. 1, the fluid studied, ethylene
glycol was circulated through a test section in a
primary loop by a 15 h.p. canned stainless
steel pump, with heat removal available through
heat exchange to fluids in a secondary system.
A Cunofilter, with a 5 u nominal and 25 u
absolute rating installed in the discharge side
of the pump ensured clean liquid in the loop, an
essential requirement for hot film anemometry.

The primary loop consisted of a test section
of contour-welded and honed 11-in. schedule-10
stainless steel pipe with a test section 16 ft long,
corresponding to a L/D ratio of 132. For the
nonisothermal runs, the last 67 diameter length
of the test section was electrically heated using
£ in. x 00178 in. Nichrome ribbon wound in
grooves cut in a i-in. thick layer of Sauereisen
cement covering the pipe. Insulation of the test
section was provided by successive layers of
asbestos string, asbestos and fiber glass.

Another pipe section designed to be hydraulic-
ally identical to the test section, with an equal
L/D ratio, was used for the return line and pro-
vided with four static pressure taps at one-foot
intervals for pressure drop measurements.

Instruments

A hot film sensor, a total head tube and pitot-
static tube were positioned in the test section by
means of a micrometer-driven traversing mech-
anism. The radial location of each probe could

be determined to an accuracy of 0001 in. with a
backlash error of 0-002 in.

The total-head tube of a “fish-mouth” design
had a bore of 0-008 in. x 0-023in., with the
smaller side parallel to the direction of traverse.
Static pressure was determined by a pitot-static
tube, kept at a fixed location. Pressures from
these two sources were transmitted to the two
sides of a calibrated Pace Model P-7 Variable
Reluctance Transducer to measure mean
velocities.

Two pressure taps from the return section
were connected to the two sides of a calibrated
Foxboro Model 613 DL D.P. Cell to measure
pressure gradient.

A hot film probe, specially made by Thermo
Systems, Inc. was used to obtain turbulence
characteristics. This probe consisted of a 1000 A
thick and 0-020 in. long platinum film and a
0-001 in. dia. quartz rod. A thin coating of gold
maintained electrical contact between the sensor
support and the film. The platinum film was
coated with a 16000 A thick layer of sputtered
quartz. The gold coating and the support
needles were coated with a silicone compound
to isolate them electrically from ethylene glycol.
A series of compounds was tried for this purpose
before arriving at a suitable material sufficiently
resistant to the corrosive action of ethylene
glycol.

Iron—constantan thermocouples were used
to measure all time-averaged temperatures with
thermoelectric voltages relative to an ice junc-
tion amplified by a Dana Model 2854 Differen-
tial Amplifier at a gain of 1000. A traversing
0-015-in. diameter chromel-constantan thermo-
couple was used to measure the radial distribu-
tion of the mean temperature during the non-
isothermal runs. Thermocouples were also
installed in the mixing chambers on both sides of
the test section and along the wall of the test
section as indicated in Fig. 1.

Electronic instrumentation
Figure 2 shows the instrumentation arrange-
ment used to obtain the turbulence data. With a
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Fi1G. 1. Heat transfer loop.

TSI Model 1040 Temperature and Switching
Circuit connected to the hot-film sensor in the
Velocity Mode, the anemometer unit was

In the d.c. 1000 Hz band width, output noise of
the anemometer unit was less than 0-002 per cent
equivalent turbulent intensity according to the

operated as a constant temperature anemometer. manufacturer’s specifications. A TSI Model
Tektronix Honeywell
type 564 electronik
dual trace 194
storage recorder
Hot film oscilloscope
7] T sensor
Fhid Tf':f"‘* PI-6200 TSI1-1060
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F1G. 2. Instrumentation for data acquisition.
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1057 Signal Conditoner, with a flat frequency
response from d.c. to 40000 Hz was used to
amplify the low level turbulence signal near the
center of the pipe by a gain of 10 to facilitate
recording. A 4-channel, Precision Instrument
Company, Model PI-6200 Tape Recorder with
a flat frequency response from d.c. 1o 100, 1 kHz,
and 10 kHz at 1 dB attenuation points at
recording speeds of 0-375, 3-75 and 375 ips.,
respectively, was used to record the signal. Root-
mean-square intensities were measured using a
TSI Model 1060 RMS Volt Meter, which hasa
1 dB attenuation at 01 and 03 Hz at time
constants of 100 and 30 s, respectively.

A General Radio Type 1564-A Sound and
Vibration Analyzer, with a constant per cent
bandwidth of 7 per cent in the range of 2-5 Hz
to 25000 Hz was employed to perform a
frequency analysis of the recorded signal.

Additional details of the experimental appara-
tus and instrumentation are given by Kudva

[21].

DATA AQUISITION

Isothermal mean velocity profile

Mean velocities were obtained in duplicate
at 31 different points between the center and
the wall of the pipe. Near the wall, the Reynolds
numbers based on the impact tube radius were
quite small. Since, under such conditions, the
measured impact pressures differ from the true
total pressures as a result of viscous effects,
impact tube coefficients as given by Hurd,
Chesky and Shapiro [22] were used to correct
the measurements, The magnitude of the correc-
tion was greater than 3 per cent for only the
three points closest to the wall, the maximum
correction being 8 per cent.

Isothermal turbulent intensities

The resistance of the hot-film sensor, at a
given temperature in glycol, increased gradually
with time. However, the calibration data were
reproducible at a given value of R, — R,, where

ASHOK K. KUDVA and ALEXANDER SESONSKE

R, and R, are the resistances of the sensor at the
operating and the ambient temperatures, respec-
tively. The intensity of turbulence at each
location was measured by operating the sensor
with at least two different values of R, — R,.
The sensor was calibrated at a given value of
R, — R, by noting the anemometer d.c. voltage,
E, at different values of the mean velocity, U at
the center of the pipe. The calibration data in
ethylene glycol at a given value of R, — R,
could be described using two constants 4 and B
as

E* = A+ BU % {6
Turbulent intensity, u,, was obtained from the
rms voltage, ¢, as

) ,{OFE

U, =€ / 30 N
From the scatter in the calibration data about
the regression line, standard errors in the turbu-
lent intensities were estimated. These varied
from 20 per cent at the center of the pipe to
+50 per cent near the wall However, the
difference between the intensities measured at
two different values of R, — R, was much
smaller. This difference was negligible near the
center and equal to 16 per cent near the wall of

the pipe.

Isothermal spectra

To perform a frequency analysis, a 20 ft length
of the recorded signal was played back as an
endless tape loop at a speed of 375 Lps. with
output signal passed through the wave analyzer.
Spectra in the range of 025-1000Hz were
obtained using the signal recorded at speeds of
0:375 and 375 ips.

Due to the finite length of the recorded signal,
the measured spectral estimates have a 90 per
cent confidence limit of 418 per cent above
2-5 Hz and below this frequency the maximum
uncertainty is 65 per cent at 0-25Hz The
errors in the measured spectra due to the finite
length of the sensor were estimated to be less
than 5 per cent at wave numbers below 1000 ft .
These calculations are described by Kudva [21].
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From the spectral data, the Eulerian integral
scale or macroscale A, and the microscale /4,
were computed using the relations

k4

A, =3 lim Ey (k) ®)
and 205 o

2 1 J’

— =— | kK2E, (k) dk. )]

02 -2 iy

AL 2 J

MEAN VELOCITY PROFILE

Nonisothermal measurements

All isothermal data were obtained with the
Reynolds number at bulk temperature condi-
tions equal to 6032 and with a constant wall heat
flux of 8000 Btu/h ft2.

Mean velocities were obtained at 33 different
locations between the wall and the center of the
pipe. The friction velocity U* was estimated
using the friction factor determined from the
Blasius equation with the physical properties
evaluated at the film temperature (average
between wall and bulk temperatures).

From the mean velocity profile data, the
dimensionless turbulent shear stress uu,/U*?
was estimated using the relation

== =3 (10)
where v is the kinematic viscosity, r is the distance
from the wall, R is the radius of the pipe, u, and
u, are the fluctuating velocities in the axial and
radial directions and U is the instantaneous
velocity in the axial direction. The bar indicates
a time average.

Nonisothermal mean temperature profile

Mean temperatures were measured in dupli-
cate at 24 different locations between the center
and the wall. An indication of the consistency
of the measurements is provided by a heat
balance in which the sensible heat change of
23700 Btu/h determined from flow rate and
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temperature measurements compared with an
electrical input of 25000 Btu/h.

Turbulence quantities, t', u’, u_t

With the hot film sensor operated as a
calibrated resistance thermometer, root mean
square temperature fluctuations ¢ were ob-
tained from the rms voltage. In this mode, the
sensor had a flat frequency response up to a
3 db attenuation at 460 Hz and had negligible
sensitivity to velocity changes, as shown by
Kudva [21].

The hot-film sensor, when operated as a
constant temperature anemometer, at a tempera-
ture of T, responds to the mean temperature T
and the mean velocity U with a d.c. voltage E as

E? = (a + bU")a(R, — R) (11)

where R, and R are the sensor resistances at
temperatures T, and T, o is the rate of change of
the sensor resistance with temperature, and a
and b are experimentally determined constants
with n = 0-45.

The sensor response e to instantaneous
fluctuations in the fluid temperature t, and the
the velocity u, can be described by

e*= S, — S. (12)
where
OE OF
Su:é—-U: and St:u.‘é_T-

Upon squaring and time averaging, equation
(12) becomes

eX S22 — 2S,Sut + S (13)
Let
& — _
Y = 5 X =S8,/S, A=ul, B=—2u,
then equation (13) becomes
Y = AX? + BX. (14)

By fitting equation (14) to the fluctuation data
obtained by operating the sensor at 9 different
values of R, — R,, u,t and u, were obtained
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from the slope at the origin and the curvature
of the parabola given by equation (14) as
suggested by Arya [11]. Since only two operat-
ing values of R, — R, were needed to determine
u, and u.t, but nine were actually used the
standard error in the expected value of ¥, and
u_t could be determined with seven degrees of
freedom. A polynomial regression technique
was used to fit equation (14) to the fluctuation
data to obtain the values of «, and u,f and the
standard errors.

Spectra and scales of turbulence

Random signal output from the resistance
thermometer representing temperature fluctua-
tions was recorded and the spectral analysis
was performed in the range of 0-25-1000 Hz.
The signal from the resistance thermometer in
the absence of temperature fluctuations repre-
senting noise was also taped and analyzed.

Random signals from the constant tempera-
ture hot-film anemometer at eight different
values of R, — R, at each radial location were
recorded and analyzed in order to obtain the
spectra of u, and u.t. The spectrum of the
random signal output of the constant tempera-
ture hot-film anemometer is related to the
spectra of ut, & and ¢ by the relation

E(f) = SIE\(f) — 25,S:E1{f)
+ STE(f)  (19)

where E,,, E;, denote the one dimensional
spectra of 1, u,t and ¢, respectively. Although
it seemed possible to estimate the spectra of u
and u.t, computations resulted in inconsistent
values of E,, and E,,. In fact, at most fre-
quencies, the values of E,, obtained were
negative. This is attributed to uncertainties in
the measured spectra of the random signal.

Near the center of the pipe, the u,t contribu-
tion was negligible and it was reasonable to
assume that E, , is negligible compared with the
spectra of #, and u,t. With this assumption,
the spectrum of #, near the center of the pipe
was estimated as
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E(f) — SIE\ ()
W )
The microscale 4, and the macroscale A, of

the temperature fluctuations were calculated
using the equations

E\lf) = (16)

(17)

(18)

where E (k) is the measured one dimensional
temperature spectrum. Since the spectral data
in the low wave number region were scattered
and the function k2E,(k) had to be linearly
extrapolated to evaluate the integral term in
equation (17), the values of the scales obtained
should be considered order of magnitude
estimates.

RESULTS

The mean velocity profiles, temperature pro-
files, axial turbulence intensities and the axial
spectra are presented here in graphical form.
Tabulations of these are given by Kudva [21].

Mean velocity profiles

Figure 3 shows for the isothermal case the
magnitude of the viscous effect correction with
both corrected and uncorrected velocities in-
dicated as fractions of the center line velocity
U, Only the data close to the wall of the
pipe are shown. The slope of the mean velocity
profile at the wall can be estimated from the
pressure drop data as

dU,.] _RdP1 R
dy/R |,-o  2dx pU,,

where u is the fluid viscosity, dP/dx is the
pressure drop per unit length of the pipe, y is
the distance from the wall and R is the pipe
radius. Pressure drop can also be predicted

(19)
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using the friction factor f from the Blasius
equation,

0079
f =

NI
The slopes of the mean velocity profile at the
wall estimated from pressure drop measure-
ments and also from the Blasius equation are
shown in Fig. 3.

The corrected mean velocity profile and the
measured pressure drop are compatible with
each other, but the Blasius equation overpre-
dicts the measured pressure drop by 8 per cent,
as shown in Fig. 3.

Figure 4 shows the same data for the non-
isothermal condition. Since pressure drop data
could not be obtained, the similarity parameter
U* was determined from the Blasius equation
for friction factor.

(20)
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F1G. 5. Mean velocity distribution plot.

In Fig. 5, the mean velocity data for both
cases are plotted in generalized coordinates,
U* = U/U* against y* = yU*/v, where v and
U* are the kinematic viscosity and friction
velocity, respectively. In evaluating y* for the
nonisothermal case, the kinematic viscosity was
estimated at the local fluid temperature. As a
basis for comparison, the data obtained by
Reynolds [1] in air flowing through a pipe at
Ng. = 5010 are also shown in Fig. 5.
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For y* less than 10, the present data fall
along the curve for the viscous sublayer
U* = y*. In the turbulent core, the present
data lie above the mean velocity distribution
predicted by the “Universal Velocity Profile,”
U* =55+ 57logy*. Both the isothermal
and nonisothermal profiles agree among them-
selves and also with the data of Reynolds. They
are also in agreement with the data of Patel and
Head [23]. This tends to the conclusion that at
low Reynolds numbers, in the turbulent core,
the “Universal Velocity Distribution” predicts
values that are low.

Mean temperature distribution
Figure 6 shows the radial distribution of the
dimensionless mean temperature

where T, is the wall temperature and T* is
defined by

v Tw

~ pC,U*

where.g,, is the heat flux at the wall and p and
C, are the density and the specific heat of the

21

____Slope from heat
flux dato

*
|
~~ o oBtloon 8 0B B 6 § 005
5 00 - o Experiment 303
W - = Experiment 304
& U=026861 firs
& 702088 °F
0 hedolitsl r0ospoaaarl Stk
i [5) 100 1000
)'+

F1G. 6. Generalized mean temperature distribution.

fluid, respectively. In this type of plot, the mean
temperature profile within the thermal sublayer
can be represented by a straight line of unit
slope with an intercept equal to the Prandtl
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number evaluated at the film temperature,
Np,;, as shown by Kudva [21]. The y* co-
ordinates were evaluated at the bulk tempera-
ture T, which was almost equal to the local
temperature, except for two points closest to
the wall for which the film temperature was used
in order to provide a more consistent tempera-
ture distribution pattern.

It is seen from Fig. 6 that the bulk of the
resistance to thermal transport occurs within
the thermal sublayer, the thickness of which is
taken as the distance from the wall correspond-
ing to the intersection of the mean temperature
profile measurements and the thermal sublayer
profile estimated from the heat flux data.
In Fig. 6, this distance corresponds to y* = 25
From Fig. 5, it is seen that the mean velocity
profile deviates from the viscous sublayer
curve, UT = y* at roughly y* = 10. The ratio
of the thickness of the thermal sublayer d; to
the thickness of the viscous sublayer J, is then
given by

(22)

For heat transfer in a laminar boundary layer
over a flat plate, a theoretical expression for the
ratio of the thicknesses of the thermal and
viscous sublayer is given by Eckert and Drake
[24] as

dr 1

§  1026N3,
Using equation (23) at Np,, = 53, a value of
1/383 is obtained for 8./9, which is approxi-
mately equal to the value of 8,/8 determined
experimentally.

Since the thickness of the thermal sublayer,
corresponding to y* = 25, is 0-006 in. while
the diameter of the traversing thermocouple
junction was 0015 in., it was not possible to
experimentally determine the temperature profile
within the thermal sublayer.

23

Turbulent velocity intensities
The radial distribution of the root-mean-
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FIG. 7. Isothermal turbulent intensities (y/R plot).

square turbulent intensity u, relative to the
friction velocity U* measured in ethylene
glycol at N, = 5980, under isothermal condi-
tions, is presented as a function of y/R in Fig. 7
and y* in Fig 8. For comparison, the distribu-
tion of #,/U* measured in air at N, = 50000
and 500000 by Laufer [2] are also shown in the
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FiG. 9. Comparison of turbulence intensity profiles for
toluene and ethylene glycol.

same figures. In Fig. 9 some of the present data
(as u,/U) are compared with the published
results of Patterson and Zakin [25] for toluene
at higher Reynolds numbers and seem to agree
very well.

As seen from Fig. 7, between y/R = 0-89 and
the center of the pipe, the measured values of
u'. change little with radial location. The
measured axial turbulent velocity field, therefore
approaches radial homogeneity in this region.

Laufer’s data indicate that near the center
of the pipe, u,/U* seems to be independent of
Reynolds number. The present data in ethylene
glycol at N, = 5980 give u,/U* values near
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Fi1G. 8. Isothermal turbulent intensities (y * plot).
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the center of the pipe approximately 20 per cent
less than those reported by Laufer in air at
higher Reynolds numbers. However, the un-
certainty of intensity measurements itself is
about 20 per cent.

The present data indicate that u/U* reaches
a maximum between y* =10 and y* = 15.
Laufer’s data also exhibit this behavior, as seen
in Fig. 8. The maximum value of #/,/U* measured
exceeds the corresponding values measured by
Laufer by 7 per cent. This again may well be
due to the random errors in the present data,
rather than a Reynolds number effect.

From the radial distribution of the turbulent
energy production and dissipation terms, Laufer
concluded that (1) the bulk of the direct viscous
dissipation takes place in a narrow region adja-
cent to the wall, y* < 15, and (2) the maximum
amount of turbulent energy is produced at the
edge of the viscous sublayer at y* = 11-5. The
maximum value of #, measured by Laufer and
the present authors occur near this point.

On the basis of his measurements at Reynolds
numbers of 50000 and 500000, Laufer concluded
that by using the similarity parameters U* and
v/U*, the flow field in the region close to the
wall becomes independent of the Reynolds
number. Comparison of the authors’ data for
u, close to the wall with those of Laufer indicate
that his conclusion appears valid at a Reynolds
number as low as 5980.
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The corresponding data for the nonisothermal
case (heat flux = 8000 Btu/ft2 h, Reynolds num-
ber = 6032) are given in Figs. 10 and 11.
Figure 10 shows the rms axial turbulent
intensities u, along with the estimated standard
errors. In Fig. 11, the same data are plotted
using the similarity parameters U* and v/U¥*,
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F1G. 1. Turbulent velocity intensities and shear stresses.
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together with a dashed curve representing the
isothermal data. The radial distribution of the
dimensionless turbulent shear stress u,u,/U*?,
calculated from the mean velocity profile data
is also shown in Fig, 11 as the dotted curve.

As seen from Fig. 11, near the center of the
pipe, u./U* is not affected by the addition of
heat flux. Near the wall, however, the u /U*
values for the heat flow condition are much
lower than the isothermal values. It should be
noted that the Reynolds number based on the
bulk fluid temperature was maintained very
nearly the same in both conditions, but the
true dynamic similarity might not have been
maintained.

The distribution of «/U* reaches a maximum
between y* =25 and y* = 45. So does the
maximum in the calculated turbulent shear
stress.

Temperature fluctuations, t'
Figure 12 shows the radial distribution of
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Fi1G. 12. Temperature fluctuations.
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rms temperature fluctuations. Between y/R =
06 and y/R = 10, ¢ changes little with the
radial location indicating that the turbulent
temperature field is spatially homogeneous in
this region.

The magnitude of ¢ increases as the wall is
approached. Since the probe could not penetrate
the thermal sublayer, however, its structure
could not be investigated.

ut

Figure 13 shows the radial distribution of
ut together with the estimated uncertainty
range. The radial distribution of u t/U*T*,
which is the ratio of the heat flux transported
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F1G. 13. Turbulent velocity—temperature correlation.

in the axial direction by turbulence to the total
flux provided at the wall, is given in Fig. 14.
Also shown in Fig. 14 is the distribution of the
total radial heat flux transported by molecular
conduction and turbulent exchange as a fraction
of the total heat flux at the wall.

Since, between y/R = 0-8 and y/R = 10, the
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value of u.t changes little with radial location,
the turbulent velocity-temperature field appears
to be spatially homogeneous in the radial
direction within this region. However, since
the values of u_t are very small compared with
its maximum value near the wall, the u.t
contribution may be considered negligible in
this region with the turbulent velocity—tempera-
ture field approaching isotropy.

The measured value of u.t at y/R = 0377
appears to be inconsistent with the trend of the
results and probably should be discarded,
although no specific reasons for any unusual
errors were noted.

It is seen from Fig. 14 that the axial turbulent
heat flux reaches a maximum between y/R =
0-05 and 007 near y* = 10. At approximately
the same location, the total radial heat flux,
transported by both molecular diffusion and
turbulent exchange, also reaches its maximum
value. This behavior is similar to the one shown
by u, in the absence of heat flux near the edge
of the viscous sublayer, as shown in Fig. 11.

Temperature spectrum

Figure 15 shows the spectra of temperature
fluctuations obtained at locations y/R = 0-176,
0-227, 0-578 and 0-983. At the last location, at a
frequency of 60 Hz the contribution of noise to
the total spectrum was comparable to that of
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the temperature fluctuations. At other fre-
quencies, however, the noise contribution was
negligible compared with the signal. The fre-
quency response of the resistance thermometer
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FiG. 14, Radial distribution of heat flux terms.
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system limits the interpretation of data to
640 Hz, which corresponds to wave numbers of
800 ft~! at y/R =0983 and 1000 ft~' at
y/R = 0-176.

From Fig. 15, it is seen that the data close to
the center of the pipe, at y/R = 0-578 and
0983, show two distinct regions before the
slope changes to about —2-5. According to
Batchelor’s uniform straining model [18] for
scalar mixing in high Prandtl number fluids,
the spectrum should vary as k™% and then
follow a k™! dependence. The data for the
spectrum of ¢’ near the center of the pipe appear
to exhibit a slope of —3 in a small region of
wave numbers, but do not exhibit another region
with a slope of — 1, as predicted by the model.

At wave numbers above 150 ft™1, the data
show a slope of approximately —2-5 at all
locations in the pipe. The temperature spectra
in ethylene glycol reported by Rust and Sesonske
[9] with a thermocouple sensor at a Reynolds
number of 5800 in a pipe also gave a slope of
—2-5 at high frequencies which was independent
of location in the pipe.

The velocity spectra

Figure 16 shows the measured one dimen-
sional spectra E, (k) of the axial velocity fluctua-
tions at six different radial locations, for the
isothermal case, as well as the spectrum at
y/R = 0982 for the non-isothermal case. In
computing the latter, the contribution of u_t
has been neglected.

From the data shown in Fig. 16, it is seen
that a reasonable range of wave numbers in
which E, (k) varies as k™% does not exist. At
y/R = 0066 with R, = 432, there does exist
a very small region of wave numbers in which
E, (k) varies as k~*. From his measurements at
Npg. = 50000 and 500000, Laufer found that
for R; > 200 and for not too large mean
velocity gradients, the spectra of axial velocity
fluctuations vary as k%, supporting the hypo-
theses of Kolmogoroff. For the present data,
except at y/R = 0-066 and 0-189, the values of
R; were less than 200 at all locations (Table 1).
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F1G. 16. Velocity fluctuation spectra.

Wave number,

However, since at y/R = 0066 and 0-189, the
mean velocity gradients were rather high, it is
conceivable that the inertial subrange does
not exist in the measured spectra.

At high wave numbers, the present data vary
as k™" with n having values between 4-0 and 4-6.
This is considerably less than the slope of —7
for the energy spectrum at high wave numbers

Table 1. Isothermal case, Ny, = 5980, q,, = 0

y/R /y/D A, /D R;
0-066 0-38 073 432
0-189 021 1-05 249
0254 0-20 073 127
0-370 020 0-61 103
0-571 017 0-41 63-5
0.
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predicted by Heisenberg. The mechanism of
viscous dissipation at high wave numbers, gives
a —4 power dependency on viscosity. On the
other hand, the Kolmogoroff theory for the
inertial subrange assumes the absence of vis-
cosity effects. If the viscosity dependence of the
energy spectrum is assumed so that E (k) varies
as v 2, an expression can be obtained for
E (k) as

E,(k) = const. e%"v™2. (24)

Solving for exponents a and b by dimensional
analysis, this reduces to

E (k) = const. g,v ™2k 133, (25)

The present data at high wave numbers can be
qualitatively explained by equation (25). It is
interesting to note that for the spectrum of
plasma fluctuations at a Reynolds number of
6000, Granatstein et al. [26] found three very
distinct regions with slopes of —3, —% and —7

By comparing the isothermal spectrum at
y/R = 0-973 with the nonisothermal spectrum
at y/R = 0983, in Fig 16, it is seen that near
the center of the pipe, below wave numbers
of 250 ft~ 1, the velocity spectrum is not affected
by heat flux. Although above this wave number,
the estimated spectrum with heat flux flattens
considerably, this is regarded as not significant,
but a result of errors in the estimation of E, (k),
which involves subtracting two small numbers
whose magnitudes decrease with increasing
wave number.

Scales of turbulence

The integral scale A, and the microscale 7.,
calculated from the spectra of the axial velocity
fluctuations for the isothermal case, are pre-
sented in Table 1, as fractions of the pipe
diameter D. The corresponding values of the
turbulent Reynolds number R; are also given.

In Table 2 the values of the macroscale A,
and the microscale A, of the temperature
fluctuations estimated at four different radial
locations are shown. The microscale and the
macroscale of the velocity fluctuations could

not be estimated in this case. Therefore 7, from
the isothermal case, at the nearest radial
locations has been used for calculating 4,//, in
Table 2.

Table 2. Nonisothermal case.
Ng, = 6032, q,, = 8000 Btu/h fi*

0-055

/D Ay Jifin 1Ny,
0176 0057 054 027 01195
0227 0049 075 024 01195
0578 0056 102 033 01195
0983

0-46 0-34 0-1195

It is seen that the macroscales of both
velocity and temperature fluctuations are com-
parable in magnitude to the diameter of the
pipe. The microscales of temperature fluctua-
tions are 3 to 4 times smaller than those of
velocity fluctuations. In an isotropic turbulent
velocity and temperature field, the relation
between the microscales of temperature and
velocity fluctuations is given by Corrsin as

7y 1
; “X B \/ N Pr'
As seen from Table 2, the predicted values are
not in good agreement with the measured
ratios.
It should be noted that the ratio of the micro-
scales measured, 4,/4,, is approximately equal

to the ratio of the measured thicknesses of the
thermal and viscous sublayers, d1/0.

(26)

CONCLUSIONS

From the mean velocity profile data at
Npg. = 5980, it was demonstrated that at low
Reynolds numbers the mean velocity distribu-
tion in the turbulent core lies above the “uni-
versal velocity profile.” The velocity profile
obtained with a wall heat flux of 8000 Btu/h ft*
agrees with the one obtained under isothermal
conditions.

The ratio of the thickness of the thermal
sublayer to that of the viscous sublayer was
equal to i, consistent with the rélation given
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for laminar thermal boundary layers by Eckert
and Drake [24] and approximately equal to
the ratio of the microscales of the temperature
and velocity fluctuations 4,/2 .

Comparison of the present data for u, with
those of Laufer using the similarity parameters
U* and v/U*, indicate that the structure of
turbulence within the viscous sublayer seems
to be independent of the Reynolds number in
the range, N, = 5980-500000.

The velocity spectra do not indicate the
existence of an inertial subrange. At high wave
numbers the spectra at all locations vary as
k7" with » having values between 4 and 4-6. The
velocity spectrum obtained near the center of
the pipe for the nonisothermal case indicates
that the fine structure of turbulence in that
area is not influenced by the heat flux.

Radial distribution of # and u,t were obtained.
The latter quantity has not been previously
reported for pipe flow. The values of ¢, u)
and u_t reach their maxima near the pipe wall,
u, between y* = 30 and y* = 45; and u.t at
y* = 10. The turbulent shear stress calculated
from the mean velocity profile data and « both
reach their maximum values at the same location.

Temperature spectra measured at various
locations in the pipe do not exhibit two distinct
regions of slope —3 and —1, as predicted by
Batchelor’s uniform straining model.
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STRUCTURE DES CHAMPS DE VITESSE TURBULENTE ET DE TEMPERATURE
POUR UN ECOULEMENT D’ETHYLENE-GLYCOL DANS UN TUYAU AU FAIBLE
NOMBRE DE REYNOLDS

Résumé—Des profils de vitesse moyenne et des intensités de turbulence ont été mesurés sous des conditions
isothermes pour de I'éthyléne-glycol s’écoulant & travers un tube vertical de 35, 85 mm de diamétre intérieur
et pour un nombre de Reynolds de 'ordre de 6000. De plus la moyenne quadratique des fluctuations de
température ¢’ et la corrélation 7 entre la vitesse et la température ont été mesurées sous un flux thermique
uniforme de 254 kW.m ™2, en utilisant une sonde a film chaud. On a déterminé les spectres de température
pour différentes positions radiales, le spectre de vitesse au centre du tuyau, et diverses échelles de turbulence.

Les résultats montrent que la distribution de vitesse moyenne dans le moyau turbulent se place au-dessus
du “*profil universel de vitesse”. Une comparaison avec les résultats de Laufer indique que la structure de
ia turbulence isotherme & Iintérieur de la sous-couche visqueuse est indépendante du nombre de Reynolds
dans le domaine MR, = 6000-50000. Prés du centre du tuyau U, et ¢ montrent une homogénéité radiale.
Daps cette région, le champ de vitesse turbulente-température approche isotropie. Les spectres de vitesse
comme I'a prédit Kolmogoroff, et de méme, les spectres de température ne suivent pas les prédictions du
modéle de déformation uniforme de Batchelor, sous les conditions d’expérience a Ny, faible et N, élevé,

STRUKTUR VON TURBULENTEN GESCHWINDIGKEITS-TEMPERATURFELDERN IN
EINEM VON ATHYLEN-GLYCOL DURCHSTROMTEN ROHR BEl NIEDRIGEN
REYNOLDSZAHLEN

Zusammenfassung—Mittlere Geschwindigkeitsprofile und Turbulenzgrade wurden unter isothermen
Bedingungen in einem von Athylen-Glycol durchstrémten Rohr mit 3542 mm Innendurchmesser bei
Reynoldszahlen von ungefihr 6000 gemessen. Erginzend dazu wurden auch die Temperaturschwankung
" und die turbulenten Geschwindigkeits-Temperaturbeziehung u.f bei einem gleichbleibenden Wirme-
strom von 25 W/em?® unter Verwendung eines Heissfilmsensors gemessen. Temperaturspektren an
verschiedenen radialen Stellen. das Geschwindigkeitsspektrum in der Rohrachse und verschiedene
Turbulenzgrade wurden abgeschitzt.

Die Ergebnisse zeigen, dass die mittlere Geschwindigkeitsverteilung im turbulenten Kern iiber dem
“allgemeinen Geschwindigkeitsprofil” liegt. Ein Vergleich mit den Daten von Laufer zeigt, dass die
Struktur der isothermen Turbulenz im Innern der viskosen Unterschicht im Bereich N, = 600050000
unabhiingig von der Reynoldszahl ist. In der Nibe der Rohrachse weisen #), und ¢’ eine radiale Homogenitit
auf. In diesem Bereich nahert sich das turbulente Geschwindigkeits-Temperaturfeld der Isotropie. Dic
abgeschitzten Geschwindigkeitsspektren weisen nicht den von Kolmogoroff vorausgesagten Wellen-
zahlen-Bereich mit der Steigung —3 auf noch folgen die Temperaturspektren unter den Versuchs-
bedingungen (niedrige Nz, und hohe Np} den Voraussagen nach Batchelors gleichférmigem Bean-

spruchungsmodell.

CTPYHRTYPA NOJEN TYPBYJIEHTHOHU CHOPOCTU U TEMIIEPATVYPEHI
0PV TEYEHUH 2TUWJIEHIJINKOJA B TPYBE ITPU HUBKHX 3HAYEHUAX
YUCTA PENHOJIBACA

AmnoTanua—Ilpognan cpepmell CKOPOCTM M MHTEHCHBHOCTH TYpOYJIEHTHOCTH B H30TeD-
MUYECKUX YCIOBMAX U3MEPAIMCH NPH TEYCHHMY STIICHINIMKOJA 110 BEPTHHAIBHOM TpyGe ¢
BHyTpeHHuM guameTpoM B 1,434 moima, npu uncne Peitroasica pesrom 6000. Hpome Toro,
H3MEPANNCH CPejHeRBaApaTuURan QIIOKTYAUNA TeMIepaTypHl ¢’ W KOPPEIALUA TypOyieHT-
HaA CKOPOCTH—TEMNepaTypa u ! IIPH OJHOPORHOM TEINOBOM noToke, pasmom 8000 Btu/h
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{t?, nenons3yA FATIMK C HArpeToll nienkolt. Bruin onpefelieHsl TeMIEPATYPHBIE CIEKTPH B
PAasIMYHHX PAfHWILHHX MOJIOKEHUAX, CHEKTP CHKOPOCTH B HeHTpe TPYOM M pasnnyHue
mMacmTabsl TypOyNeHTHOCTH.

PeaysnnTarst MOKAzEBAIOT, YTO pacHpejenenue cpefHeldl CKOPOCTH B TypOyJieHTHOM fnape
NeUT BeIe «yHUBepcanpHOre nupoduns cwopoerm». Cpasmenne ¢ jaummmu Jlaydepa
NOKA3HIBAET, YTO CTPYKTYPa M3OTEPMUHecKol TypOyNeHTHOCTU BHYTPH BASKOr0 MONCIOA He
saBHCHT oT umcia Peftmonbica B auanazoHe Ngp, = 6000-50 000. B6awsu uenrpa tpy6nt
W, M ¢ TPOABIAIT PAXMANbHYK IOMOTeHHOCTH. B aToll obnacm mome TypOyJlieHTHAA
CHOPOCThL—TeMIepaTypa npubiamkaerca K usorponuu. HalimewHwe crnexTpsl CKOpocTH He
MaoT o0NACTH BOIHOBOTO YMCJIA © HAKAOHOM B—D/3, kak npexckasuean Hosmoropos.
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