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Abstract - Turbulent structure measurements made in fully-developed mercury (Pr = 0.024) pipe flow at Re
= 100000 in isothermal and in nonisothermal flow subject to a constant wall heat flux of 23.3kW m~2 are
reported. An especially-built three-sensor hot-film probe was used to simultaneously measure the axial and
radial velocity fluctuations and temperature fluctuations.

Auto- and cross-spectral densities were measured to investigate differences in heat and momentum
transport in low-Prandtl number flows. Microscales were calculated. The microscale ratio of temperature to
that of velocity in the axial and radial directions was found to increase significantly near the wall whereas the
lateral ratio tended to decrease slightly. In all cases the temperature microscale was larger than the
corresponding velocity scale. The microscale results are related to the k—¢ level of turbulence modeling.

NOMENCLATURE

D, pipe diameter [m];

d,, sensor diameter [m];

e, instantaneous fluctuating voltage
AAE

E..(kD), normalized autospectral density
(= E.(k)/D);

E, (kD), normalized cross-spectral density
(= E,,(ky/D);

G, (kD), autospectral density (=E,, (kD) x?)
[m?s~2 or °C™2];

G,,(kD), cross-spectral density
(=E,, (kD) xy) [m?s™2 or
m°C™'];

k, wave number [m~']; turbulent ki-
netic energy [m?s™?];

I length scale [m];

L, sensor length [m];

Qs wall heat flux [kWm™%];

r, radial pipe coordinate [m];

R, pipe radius [m];

R, dissipation scale ratio;

R,,(kD), normalized cross-spectral corre-
lation coefficient
(= Goy(kD)/[G(kD)G,y(kD)]*);

S, sensitivity [Vs™'m or V°C~1];

t time, |s];

u, v, w, fluctuating velocity in z, r, ¢ pipe
coordinate, respectively [ms™!];

¥y, radial distance from wall [m];

z, axial pipe coordinate [m];

Greek symbols
& dissipation of turbulent kinetic en-
ergy [m*s™°];

* Present address: Battelle, Pacific Northwest Labora-
tories, Richland, WA 99352, US.A.

£y dissipation of turbulent temperature
fluctuations [°Cs™1];
Vxys coherency

(= GGGy (N]);

5, sensor separation [m];

A microscale [m];

v, kinematic viscosity [m?s~!];

®, azimuthal pipe coordinate [rad];

0, instantaneous fluctuating tempera-
ture [°C].

Subscripts

e, energy;

u, v, axial, radial velocity;

X, y, fluctuating variable (x, y = u, v, 0;
X #Yy);

z,r, @, coordinate direction;

0, temperature ;

1,23, sensor number.

INTRODUCTION

THE LACK of any universally satisfactory method for
predicting turbulent transport provides an incentive
for continued research [1]. Information obtained from
experimental investigations can be used to further the
understanding of turbulent transport mechanisms,
provide for verification of existing models, and lead
to the development of new ones.

In flows where turbulent transport of heat and
momentum are not expected to be similar, such as in
low Prandtl number fluids, it is necessary to investigate
them separately. Numerous pioneering efforts, both
analytical and experimental, deal with thermal trans-
port in low Prandtl number fluids. These variously
treat the problem from analytical, phenomenological,
empirical, and experimental points of view and have a
common goal of providing an incremental under-
standing to an admittedly complex problem. While
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most early works were concerned with necessarily
simplified approaches, more recent analytical ap-
proaches required the advent of large digital com-
puters before their usefulness could be most fully
realized [2]. In addition, the advent of hot-film sensor
measurements allowed more specific details of the
turbulent fluctuation characteristics to be investigated
in liquid metals.

This report describes an experimental effort with an
emphasis on the statistical structure of the fluctuating
variables. Reference is made to analytical work where
appropriate. Mercury (Pr = 0.024) was the test fluid.
Isothermal flow was investigated at Re = 10° and
nonisothermal flow was investigated subject to a
constant wall heat flux of 23.3kW m™? in a vertically
oriented cylindrical pipe. These flow conditions were
chosen so as to be in a regime where previously
reported free convection distortion of the mean ve-
locity and temperature profiles was minimal [3,4].

Several reports on structure measurements in mer-
cury pipe flow have previously been published. Flah-
erty et al. [S], presented autospectral results in mer-
cury at Re = 5 x 10* However, buoyancy signi-
ficantly distorted the mean flow and no results were
reported for fluctuating velocity structure in non-
isothermal flow. In addition, no account was made for
finite sensor length in determining microscales. Hoch-
reiter [6] reported the same type of results as Flaherty
et al. [ 5], at the same flow conditions in mercury but he
also neglected finite sensor length effects and reported
no velocity results in nonisothermal flow. Rust and
Sesonske [7], Loos [8], and Caruso [9] report results
of fluctuating temperature structure in mercury but
did not measure velocity structure.

Significant effort has been devoted to understanding
the turbulent transport structure in air flow, Brem-
horstand Bulluck [ 10, 11] investigated the structure of
heated air flow and reported cross-spectral results for
both axial and radial turbulent heat transport. Bullock
et al. [12] presented an in-depth study of narrow- and
broad-band correlation coefficients in isothermal air
flow. Fulachier [13] discussed spectral analogy be-
tween temperature and velocity fluctuations in a
variety of wall bounded turbulent flows. Clay [14]
investigated spectral analogies in water, air, and
mercury flows and Lawn [18] attempted to compile a
consistent picture of the turbulent transport structure
in liquid metals based on an accumulation of data
available to him.

In this study, fluctuation measurements were made
with a specially built three-sensor hot-film probe
(3SHFP) in conjunction with simultaneous measure-
ment of mean flow using a pitot-tube and a fast
response thermocouple. Details of the structure of
axial and radial velocity fluctuations and temperature
fluctuations were investigated using digital data ana-
lysis of the time varying response of the sensors.

Autospectral densities of the velocity fluctuations,
E (kD) and E,(kD), were calculated for isothermal
and nonisothermal flow. These results show an in-
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dication of the effect of buoyancy on the fluctuation
structure and the wave number regions where major
contributions to kinetic energy occurred in these flows.
The temperature autospectral density, Eg(kD), was
similarly calculated and used to identify variations in
temperature structure when compared to the velocity
results. The structure of the turbulent transport terms,

uv and v#, was examined using the cross-correlation
coefficients, R, and R,,, the cross-spectral correlation
coefficients, R, (kD) and R_(kD), and the cross-
spectral densities, E, (kD) and E kD). As with the
autospectral densities, these results indicated vari-
ations between the transport modes of momentum
and heat in the flow studied.

Microscales in both isothermal and nonisothermal
flows in the axial and lateral directions were calculated
from measurements made in this study. Radial micro-
scales were estimated using the results obtained by
Caruso [9] in the same experimental apparatus at the
same flow conditions. These results showed that the
temperature microscale was consistently larger than
the velocity scale in both the axial and radial direc-
tions. The ratio in these directions increased closer to
the wall whereas the ratio of lateral scales showed a
slight decrease near the wall.

To the authors’ knowledge, the present paper is the
first to present experimental cross-spectral results in a
nonisothermal low-Prandtl number flow. These re-
sults are analyzed in an attempt to further the under-
standing of turbulent heat and momentum transport
in this flow.

EXPERIMENTAL APPARATUS
Heat transfer loop

The flow syster used in this study was an especially-
built heat-transfer loop. The test fluid, mercury, flowed
in turn through an electrically-heated test section, a
circulating pump, a full-flow filter, then downward
through a return section used for pressure drop
measurements. The primary flow then passed through
a heat exchanger where it was cooled by a secondary
water loop. The secondary loop was, in turn, cooled by
a chilled water supply in an adjoining laboratory.

The 132-dia. long test section (D = 3.64 cm) had a
65-dia. entrance length for velocity field development
followed by a 67-dia. length heated with a uniform wall
heat flux for thermal field development. Both the test
section and return line were constructed from stainless
steel pipe and were both preceded by straightening
vanes to eliminate any swirl component in the flow due
to passage through the pipe fittings. To insure both 2
true diameter and a smooth inside surface, both pipes
were reamed and polished to a 0.7% variation in the
inside diameter. The inside surface was hydraulically
smooth to a Reynolds number of approximately 10°
[6].

The traversing mechanism, located at the top of the
heated test section, allowed three probes to be inserted
into the flow 90° apart with the capability of traversing
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at least 759 of the diameter. All three probes pene-
trated two pipe diameters upstream to minimize end
effects.

Test section inlet and outlet temperatures were
measured with bulk thermocouple mixing chambers
which immediately preceded and followed the test
section. The mercury flow rate was measured using an
orifice meter and a manometer which was readable to
the nearest 0.25 mm. Mercury circulation was pro-
vided by a 25 HP motor connected to the pump
through a speed reducing pulley system. The pump
capacity was sufficient to attain a maximum of Re =
1.25 x 10°. The filter used was a full-flow stainless steel
mesh filter with a 2.5 x 10”“mm nominal rating.
Additional facility details are given by Hochreiter [6]
and Eyler [3].

Instrumentation

A Thermo-Systems, Inc. (TSI), anemometry system
was used in this study. Two Model 1050, constant-
temperature bridges were used for velocity measure-
ments and a Model 1040 constant current bridge was
used for temperature measurements. Each of the three
channels contained a Model 1057 signal conditioner
which was used for filtering and amplification of sensor
response signals. Voltage fluctuation signals were FM
recorded on a Precision Instruments Model 6200 tape
recorder. Band-pass characteristics of each channel
were checked to ensure that the channels were as
equivalent as possible for frequency response from 0.1
to 1000 Hz.

Mean sensor voltages were measured using a digital
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voltmeter after low-pass filtering to remove the fluc-
tuating components. Fluctuation intensities were mea-
sured simultaneously using two TSI, Model 1076, true
RMS meters and a TSI, Model 1060, true RMS meter
at 100 s time constants. The accuracy of each RMS
meter was checked against manufacturer’s specifi-
cations and against each other over the frequency
range 0.1 to 1000 Hz.

Hot-film probe

Two specially-built three-sensor hot-film probes
(3SHFP) were used in this study in order to simul-
taneously measure turbulent velocities, u and v, and
temperature, 6, fluctuations. The probes were manu-
factured by Thermo-Systems, Inc., using —20 Hg and
—10Hg type hot-film sensors. A schematic of the
sensor orientation on the probes is shown in Fig. 1. The
two outboard sensors (numbers 2 and 3) were oriented
parallel to each other with their major axis normal to
the mean flow direction and parallel to the direction of
radial traverse. The central sensor (number 1) was
located symmetrically between the outboard sensors
with its axis in the z—r plane at a 45° angle to the mean
flow direction.

In nonisothermal flow, one normal sensor was
operated as a resistance thermometer with the Model
1040 temperature bridge to measure temperature
fluctuations. The other normal sensor was operated in
the velocity mode and responded to velocity and
temperature fluctuations. The slanted sensor was
operated in the velocity mode and responded to axial
and radial velocity fluctuations as well as temperature
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F1G. 1. Measurement probe configuration; (A) sensor geometry, (B) traversing mechanism.
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fluctuations. The three response equations are
ex(t) = S, 3001),
fz(f) = Su( Zu(t) - S& 28(0)

(1
@

and

e () = S, yu(t) + S, 1o(t) — S, 10(0) 3)

The subscripts 1, 2, and 3 refer to sensor numbers. S,
and S, 4, etc., are velocity and temperature sensiti-
vities, respectively.

Both the velocity and temperature sensitivity of the
sensors were determined in situ. In the velocity mode,
sensitivity was determined by differentiation of a
power law curve-fit of mean sensor voltage drop vs
velocity. Velocity calibration was performed prior to
each test and rechecked during and after each test.
These repeated velocity calibrations were necessary to
ensure sensor calibration drift did not occur. In the
temperature mode, sensitivity was determined by
differentiation of a linear curve-fit of mean sensor
voltage drop vs temperature. Periodic temperature
calibration checks were also performed which showed
the temperature sensitivity was very stable.

The FM recorded voltage responses, e4(t), e,(¢), and
e,(t), were replayed and digitized. The A/D convertor
was a 15 bit, simultaneous sample and hold with a
+ 10V input range. The digital voltage records were
stored on 1/2-in. magnetic tape for later acquisition
and statistical analysis.

The data were pre-filtered before digitization using
Krone-Hite 8-pole (96 db per octave) filters to remove
high frequency noise in the signals. The isothermal
data were filtered at 500 Hz and the nonisothermal
data were filtered at 250 Hz. Above these frequencies,
the response signal of the sensors was lost in back-
ground noise.

With the digital voltage records, and using equa-
tions (1)-(3), the discrete real variable time series,
u(nh), v{nh), and B(nh), were solved for at each discrete
time, nh. These series were utilized to calculate statisti-
cal properties of the flow. Spectral analysis was
conducted digitally using a Fast Fourier Transform
algorithm. Each record was analyzed in 50 segments of
513 points each resulting in an estimated normalized
spectral estimation error of 14%.

EXPERIMENTAL RESULTS
Autospectral densities

Isothermal and nonisothermal axial and radial
velocity autospectral densities were calculated using
the discrete real variable time series, u{nh) and v{nh),
respectively. Temperature autospectral densities were
calculated using O(nh). These discrete real variable time
series were obtained digitally by instantaneously sol-
ving the appropriate response equations (1)~(3). In this
work, normalized autospectral results are shown on
linear-log plots such that
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[ kD E, (kD)d In(kD) = 1. 4)
JO

Bremhorst and Bullock [10, 117 proposed that spec-
tral plots in these coordinates are more sensitive to
variations in energy containing wave-number regions
than conventional log-log plots of spectra. On these
linear-log plots, the area under the curves at dimen-
sionless wave-number kD is proportional to the contri-
bution to total energy at that wave-number, and,
hence, these plots are useful in identifying wave-
number regions where significant contributions to
total energy exist. The regions of peak contribution
can also be related to energy length scales.

The mean-square values of the fluctuating variables
used to obtain normalized spectra in equation {4) were
obtained directly from the real variable time series.
Isothermal axial intensities obtained digitally were
compared to data obtained using analog techniques
and were found to be in good agreement. Similarly,
digitally determined isothermal axial and radial ve-
locity intensities were found to be in good agreement
with previously published data for air and mercury
pipe flow. Temperature intensities were also compared
to previously reported mercury data and found to be in
good agreement over most of the turbulent core. Near
the wall where measured temperature intensities were
less than previous mercury data, the present — [0 Hg
sensor provided better spatial resolution and fre-
quency response [3].

No previous data have been reported for non-
isothermal velocity intensities in mercury pipe flow.
Within experimental error, data measured in this work
were found to agree with the isothermal values. Thus,
no buoyancy effects on nonisothermal intensity data
were observed. This is consistent with the flow con-
ditions of this work being in a range where mean flow is
not significantly affected by buoyancy as previously
mentioned. However, even though the nonisothermal
intensity data were unaffected by buoyancy, the wave-
number dependent structure is affected by buoyancy as
noted subsequently.

In Fig. 2, the nomalized isothermal axial and radial
velocity autospectral densities measured in this work
at three radial locations are shown for Re = 10°. A
comparison of the centerline results of Lawn and
White [15] is also shown in the figure. The axial
velocity results indicate a decrease in the span of wave-
numbers contributing to the totai axial energy, u?, as
the wall is approached. The wave-number of the peak
contribution appears to decrease as the wall is ap-
proached. This trend is in agreement with that of the
air results of Bremhorst and Bullock [10] and Lawn
and White [15]. This trend, corresponding to an
increased peak energy containing length scale as the
wall is approached, indicates the existence of the large-
scale fluctuations being generated near the wall and
their eventual degradation to smaller scale structure in
the turbulent core.

The radial velocity autospectral density results in
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FiG. 2. Radial variation of isothermal axial and radial velocity
autospectral density at Re = 1 x 10°.

Fig. 2 indicate the occurrence of the peak contributing
components of the flow at higher wave-numbers than
evident in the axial velocity autospectral densities.
These results are also consistent with other isothermal
radial spectral data [11, 15].

Several observations are evident from the non-
isothermal spectra shown in Fig. 3. Perhaps the most
significant is the difference between the nonisothermal
velocity spectra and the isothermal velocity spectra
shown in Fig. 2. The experimental results indicate that
the span of wave-numbers making the major contri-
bution to the total energy is much less than was seen in
the isothermal autospectral density results. It is also
evident that the magnitude of the peak contribution is
greater and more sharply defined than in the isother-
mal case. The length scale corresponding to the peak
contribution to axial energy tends to decrease as the
wall is approached.

Heating effects on velocity autospectral density have
been noted by Bremhorst and Bullock [11] and by
Lawn and White [15] for heated air flow in a pipe,
although no previous results have been reported for
low-Prandt] number fluids. Bremhorst and Bullock
observed a shifting effect on their radial velocity
autospectral density. The shifting was towards lower
wave-numbers and amounted to nearly a factor of 2
shift of the peak contribution to radial energy. In a
previous work, Bremhorst and Bullock [10] men-
tioned only that the structure was virtually identical
for isothermal and nonisothermal axial velocity
fluctuations.

The difference observed in the present isothermal
and nonisothermal autospectral density results may be
due to density gradient effects which exist across
individual eddy structures. While Launder [16] and
Lumley et al. [17] have approached the problem of
gravitational effects on turbulent transport applied to
stably stratified atmospheric shear flows, added com-
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Fig. 3. Radial variation of nonisothermal velocity and
temperature autospectral density at Re = 1 x 10°and Q,, =
233kWm™2,

plications due to wall effects, such as appear in the
pressure—velocity correlations [2], are not well under-
stood. Consequently, at this time a confirmed expla-
nation for the magnitude and direction of the wave-
number shifting is currently lacking. It should also be
noted that the previously mentioned work of Lawn
[18] did not include any buoyancy effects in compiling
a structural description of liquid metal flows.

The temperature autospectral densities are also
shown in Fig. 3. These data were obtained simul-
taneously with the measurements from which the
nonisothermal velocity spectra were calculated. For
comparison, Loos’ [8] temperature autospectral den-
sity results at the centerline are also shown and are
seen to be in very good agreement with the present
data.

Comparison of the temperature autospectral den-
sity with the nonisothermal velocity autospectral
density in Fig. 3 shows very little similarity in struc-
ture. It is observed that the peak contribution to
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temperature energy occurs at much lower wave-
numbers than the peak contributions to velocity
energy. Itis interesting to note the existence of the large
peak that occurs in the temperature autospectral
density near the wall and its disappearance in the
centerline spectra. Bremhorst and Bullock [10, 11]
found a similar low wave-number peak in their air
results. They found this second peak in both their
velocity and temperature data and attempted to
explain it in terms of large-scale generations which
occur near the wall and maintain structure a signi-
ficant downstream distance and into the core region.

Coherency and points measurements

The turbulent transport terms, puv and pc,vf, which
occur in the Reynolds equations written and reduced
to the pipe flow geometry being studied, have physical
significance when measured at a point. Multiple sensor
probes which are often used to measure these turbulent
fluxes and their structure characteristically require the
compensation for measured fluctuations at one sensor
with response measured at another sensor. Since
sensors must be physically separated on multiple
sensor probes, it is necessary to determine the ade-
quacy of the compensation by verifying that the probe
typifies a point measurement. This is true of X-probes
as well as other sensor configurations. In the present
study, point approximation was verified up to ki, ~
1.0 by determining the coherency between pairs of
sensors on the 3SHFP. Both velocity and temperature
coherency was measured.

The coherency between two random fluctuating
signals is interpreted to be a measure of the degree of
correlation between the two signals. Coherency is
defined as

GL(f)
Gl )Gy(f)

where G,,(f) is the frequency cross-spectral density
between signals x(t) and y(z) while G,(f) and G,,(f)
are the autospectral densities, respectively. By de-
finition, 0 < y2,(f) < 1. Thus for y;,(f) = 1, the
signals are perfectly correlated and hence, in terms of
turbulent fluctuations, over frequency (or correspond-
ing wave-number) ranges where y2,(f) = 1, the probe
can be expected to typify a point response.

Figure 4 shows the temperature coherency between
parallel —10Hg sensors (0.51 x 0.25mm) and
—20 Hg sensors (1.0 x 0.05 mm) on the two 3SHFPs
used. Data at two radial locations are shown for Re =
10® and Q,, = 23.3kW m ™2 The coherency between
the smaller (—10 Hg) sensors at the smaller sepa-
ration distance is higher at all wave-numbers than the
larger (—20 Hg) sensors.

Figure 5 shows the coherency between the same
parallel sensors responding to axial velocity fluc-
tuations. For comparison, temperature coherency is
also shown in Fig. 5. The temperature coherency and
the velocity coherency of the smaller — 10 Hg sensors

ya(f) = (5)
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Fi1G. 4. Coherency between — 10 Hg and — 20 Hg tempera-
ture sensors at Re = 1 x 10°,

is very nearly the same at all wave-numbers. This is an
indication that the —10Hg 3SHFP very closely
approximates a point response up to ki, = 1.0. The
coherency between the — 20 Hg sensors is not as high
nor does it extend to as high wave-numbers as the
— 10 Hg coherency. An explanation for the disagree-
ment between the —20 Hg temperature and velocity
coherency is lacking. All the results presented in this
paper were obtained with the response data of the
smaller — 10 Hg sensors.

In Figs. 4 and §, it is apparent that the coherency
decreases rapidly above ki, = 1.0. This observation
indicates that one sensor does not adequately com-
pensate for response at an adjacent sensor at higher
wave-numbers. Hence, caution must be exercised in
interpreting cross-spectral data at wave-numbers be-
yond kI, = 1.0.

While the data shown in Figs. 4 and 5 are plotted vs
kl,, it must be recognized that the sensor separation
distance, J,3, may also affect the upper wave-number
limit for a highly coherent response. On the — 10 Hg
3SHFP, the two outboard parallel sensors were sep-
arated a distance (§,; = 0.46 mm) very nearly the same
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F1G. 5. Coherency between — 10 Hg and — 20 Hg velocity
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as the sensor length (I, = 0.51 mm). Hence we were
unable to determine which dimension is the most
severely restricting. It was found, though, that when all
three sensors on the 3SHFP were operated in the
temperature mode and the coherence between each
pair was plotted on the same ki axis, there were no
distinguishable differences in the rolloff characteristics
of the coherency between any pair [3].

This work is not the first to recognize that the use of
the response multiple sensor probes to typify point
measurements may be severely complicated by the
effects of finite sensor separation distance. Several
papers have been published on this effect (see, for
example, Wyngaard [19]) and corrective approxi-
mations have been proposed and applied. However,
the applicability of the proposed corrective approxi-
mations to high wave-number response and sub-
sequently derived spectral statistics is dependent upon
the manner in which sensor response data are reduced.
In the present work, available corrective approxi-
mations were determined to be of no particular value
in relation to the data reduction techniques used.
Hence, the actual limitations of the multiple sensor
probe used in this work were determined in situ and
spectral statistics are viewed accordingly.

Previous results have also been reported that in-
dicate hot-film sensor response may be seriously
degraded in both amplitude and phase lag when
operated at high overheats in highly conducting fluids
such as mercury [20]. However, for the conditions
studied in this work, these effects were determined to
be negligible [3].

Cross-spectral densities

Isothermal and nonisothermal cross-spectral den-
sities were determined from discrete real variable
time series. The normalized results are shown in Figs. 6
and 7 and correspond to the same data from which
corresponding autospectral density results were ob-
tained. By definition, the normalized cross-spectral
correlations at a given wave-number represent a
proportionality to the total transport. Wave-number
regions of significant transport are readily identified
when nomalized cross-spectral density results are
plotted on a linear-log plot subject to

XN
f kD E, (kD) dIn(kD) = 1. ()]
0

The centerline results in Figs. 6 and 7 are un-
normalized cross-spectral densities, G, (kD) and
G,4(kD). The finite, nonzero areas under these center-
line results correspond to the nonzero total cor-
relations, R,, and R,,, respectively. The fact that the
net cross products are nonzero at the centerline is a
result of the inability to completely separate the axial
and radial velocity components at the centerline using
the present measurement techniques. At the other
radial locations, the separation of the variables was
shown to be adequate [3].
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Itis apparent in Fig. 6 that, as with the autospectral
densities, there is a significant difference between the
isothermal and nonisothermal structure. This shifting
of the maximum is nearly an order of magnitude and
the range of major contributing wave-numbers is
lessened in the case of nonisothermal results. These
trends follow the autospectral density results very
closely.

The cross-spectral density results between radial
velocity fluctuations and temperature fluctuations
shown in Fig. 7 exhibit the combined effects of the
velocity and temperature structure. The range of peak
contributing wave-numbers is, in general, below that
for the nonisothermal velocity cross-spectra pre-
viously discussed. It is also evident that significant
contributions are made in the pipe diameter length
scale range as exhibited by the lesser peak near kD ~ 1.
This corresponds to the large scales associated with the
lesser peak of the temperature fluctuations shown in
Fig. 3.

This comparison between E, (kD) and E 4(kD) ob-
tained from simultaneous measurements in the flow
further evidences dissimilarities in heat and momen-
tum transport in low-Prandtl number fluids. Heat
transport seems to be more locally centered in wave-
number structure than does momentum transport.
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FiGc. 7. Radial variation of velocity—temperature cross-
spectral density at Re = 1 x 10° and Q,, = 23.3kWm™2.
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One tractable explanation is due directly to a Prandtl
number effect. As Prandtl number decreases below
unity, the relative effect of increased thermal con-
ductivity even on a microscale level results in a
‘smearing’ of the temperature field thus leading to large
temperature length scales in relation to velocity scales.
This point is further evidenced in microscale results
presented below. When coupled to production, dif-
fusion, and dissipation of the turbulent fluxes, this
leads to increased net transport of thermal energy
occurring in lower wave-number regions.

In further support of this contention, cross-spectral
correlation coefficients were also calculated from the
present data. This coefficient, defined as

|Gy (kD)

RolkD) = 6 kD) G, (kD))"

(7

represents an efficiency of transport at a given wave-
number. In the lower wave-number, large length scale
region, the cross-spectral correlation of equation (7)
indicated that thermal energy is transported much
more efficiently than is momentum at similar wave-
numbers [3]. This, again may be due to a direct
consequence of the smearing effect of thermal con-
ductivity on the structure of the temperature field.

Microscales

In this work, axial velocity and temperature micro-
scales were calculated using the response of hot-film
sensors oriented normal to the mean flow direction.
Lawn [21] found by dimensional reasoning that axial
velocity microscales should scale as

t cyRRY) ®)
R

where C(y/R)is aradially dependent scaling factor and
R*, defined as RU*/v, is a function of Reynolds
number. Using the second moment of spectra method
and raw autospectral densities, calculated microscales
were found to be factors of 2-3 larger than given by
Lawn’s scaling of equation (8). Further discussion of
this difference is noteworthy as it typifies an inherent
error in many microscale measurements.

The second moment method for determining mic-
roscales involves integration of the energy spectra as

[21]

Zzi = J‘l k*E, (k)dk. )

u 0

This can be rearranged and normalized to yield

)"2, u
D

1 [ 2 }”2
b f K E,(k)dk

]

(10)

For sensors which are longer than the smallest
structure of the flow, length attenuation can occur [19]
which results in the integral in equation (10) converg-
ing too rapidly. This leads directly to an over esti-
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mation of the microscale. A correction scheme was
developed to account for this effect in calculating both
velocity and temperature microscales. The scheme
involved evaluating the integral in parts. Measured
spectra were used over the portion of wave-numbers
unaffected by length attenuation and assumed wave-
number laws over the remaining wave-number region.
This procedure was not unlike that developed by Clay
[14] to determine dissipation in the flows he studied.
Corrected isothermal results, shown in Fig. 8, were
found to be in very good agreement with Lawn’s
proposed scaling and his air flow results.

Using the correction scheme, microscales of axial
velocity and temperature fluctuations were calculated.
These results are presented in Fig. 9 as a function of
radial position for Re = 10%. The isothermal velocity
microscale is seen to increase with radial position
towards the centerline. A similar observation is evident
for the nonisothermal velocity microscale and the
temperature microscale.

The nonisothermal velocity microscale results in-
dicate a radial variation very similar to that of the
isothermal results although they are less in magnitude.
This appears to be consistent with the previously
discussed variation in the velocity autospectral den-
sity, at least as the nonisothermal velocity autospec-
tral density was shifted to higher wave-numbers.
However, it should be noted that aspects of the
correction scheme were not readily verifiable when
applied to nonisothermal data [3] as assumed high
wave-number spectral distributions have not been
investigated sufficiently. Hence, the nonisothermal
velocity microscales are subject to less confidence than
are the isothermal results.

In Fig. 10 the ratio of the axial velocity microscale
and the axial temperature microscale are shown for Re
= 10%. Considering the isothermal velocity micro-
scales, it is interesting to note the agreement between
the raw data microscale ratio and the ratio calculated
using the corrected results as shown in Fig. 10. Both
ratios are in good agreement in magnitude and in
radial trend. This observation indicates that the sensor
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response attenuation due to the finite length has a
similar effect on the integral of the second moment of
both the velocity and temperature autospectra. Fur-
ther, it is observed that the isothermal ratio exhibits an
increase as the wall is approached. In terms of eddies,
this radial trend in the microscale ratio indicates that
perhaps a higher conduction effect occurs near the wall
where a larger temperature gradient exists, thus caus-
ing an increase in the size of temperature eddies with
respect to velocity eddies.

Radial velocity and temperature microscales were
measured only at the centerline in this study. A two-
point spatial correlation method was used [3, 21]. The
isothermal centerline microscale, 7, ,, was in good
agreement with the data of Lawn [21]. The centerline
temperature scale, , o, was approximately 609 larger
than that calculated from Caruso’s data [5]. This
difference is felt to be a direct consequence of the larger
sensors which he used. He used spatially separated
—20 Hg sensors and, as noted previously, these larger
sensors do not respond equally well when separated
only one sensor length.

Nevertheless, by making the assumption that a
uniform schematic error existed in Caruso’s data due
to sensor size and separation, a variation with radial
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position can be inferred from his data. Using the
present centerline value as a reference in conjunction
with Lawn’s [21] radial velocity microscales, the ratio
of radial microscales can be determined. The results,
shown in Fig. 11 indicate a fairly uniform ratio in the
turbulent core region with a marked increase near the
wall.

As a further indication of the anisotropic eddy
structure, lateral microscales were calculated at Re =
103, Lateral velocity scales were calculated only for
isothermal flow while temperature scales were calcu-
lated in nonisothermal flow with @, = 23.3kWm™2,
The results of the calculations for the lateral micro-
scales are shown in Fig. 12 for three runs at the same
flow conditions. The ratio of the microscales is also
shown. The agreement of the scales for the three runs is
an indication of the reproducibility of the data.

As with the axial and radial microscales, the present
lateral results indicate the temperature scale to be
larger than the velocity scale. However, this ratio of
lateral scales indicates a decrease in the relative size of
dissipating temperature eddies to dissipating velocity
eddies as the wall is approached. This is an opposite
trend from the axial and radial microscale ratios. Since
no mean temperature or velocity gradient exists in the
azimuthal direction in pipe flow, the variation in the
lateral microscale ratio may be interpreted directlyasa
measure of the conduction effect that exists on a
microscale level across individual eddies.

In addition to these microscale results, the following
inference about energy containing length scales can be
made from the spectral data. From Fig. 3, the energy
length scale of axial velocity fluctuation, , is appro-
ximately 0.025 D at the centerline. The energy length
scale of temperature fluctuations, %, is approximately
0.15 D at the centerline. It is interesting to note that I
=~ [4/0.17 which is close to I = I1/\/Pr = [4/0.15. Also,
in Fig. 3 it can be seen that the ratio of I/ is very
nearly constant for all three radial locations shown.
Furthermore, Hochreiter [6] showed that Kudva’s
[22] ethylene glycol (Pr = 70) velocity and tempera-
ture energy length scales were approximately related
as I ~ [4/5.0 which is not very different from I/ =
I4/\/Pr = I48.3. Lawn’s [21] air results indicate I ~
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14/0.7 which is likewise not very different from I =
I/ Pr = 140.84.

These observations lend support to the temperature
and velocity energy length scales being related as the
reciprocal of the square root of Prandtl number. The
interesting aspect of this observation is that the
conduction effect on the principal contribution to total
energy is dependent on Prandtl number, even in the
strongly anisotropic low wave-number regions, in a
manner similar to that proposed for isotropic flow.

The microscale results discussed above have been
found useful in modeling turbulent dissipation of
temperature energy at the k-¢ level of turbulent
transport modeling [23] of mercury pipe flow. They
should also be useful in the more general ASM model
proposed by Sha and Launder [2] for application to
liquid metal flows.

In the modeled transport equation for temperature
fluctuations (see for example [1, 24]), it is necessary to
either solve an additional transport equation for the
dissipation of the temperature fluctuations, g, or
model it directly. The latter method assumes that the
dissipation of temperature energy can be related to
dissipation of kinetic energy & The quantity relating
them is the ratio of dissipation time scales or

R, =" (11

Beguier et al. [24] showed that equation (11) can be
determined from microscale and fluctuation data
when rewritten as

W (15\
R,=5Pr—{—1}.

e (?)
Results calculated using equation (12) are shown in
Fig. 13 along with the data presented by Beguier et al.
{247 for flow in a heated pipe. The present data show a

trend towards an asymptotic value of about 0.4 near
the centerline with a higher ratio of nearly 0.8 near the

(12)
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Fi1G. 13. Dissipation time scale ratio.

wall. This trend is in very good agreement with other
data presented by Beguier et al. [24], but is in dis-
agreement with the emprical expression

R, =07(1 — e-Pa/0)? (13)
proposed by Sha and Launder [2] for low-Prandti
number flow. In equation (13), Pe, is the turbulent
Peclet number defined as (k2/ve)Pr.

However, it should be noted that some concern has
been raised as to whether the dissipation time scale
ratio given by equation (11) (and hence (12)} is indeed
an appropriate way to model dissipation of tempera-
ture fluctuations. If velocity and temperature fluc-
tuations are in equilibrium, then the time scale ratio R,
should be given by the ratio of their decay rates.
However, Warhaft and Lumiey [25] performed an
extensive evaluation of temperature decay rate and
concluded that there was no evidence in their work to
indicate that an equilibrium value of R, existed in
wind tunnel experiments. They concluded also that the
ramifications of this conclusion may well extend to
other shear flows wherein the value of R, may well
depend upon more than just local values of relative
scale size of velocity and temperature fields.

CONCLUSIONS

An especially built three-sensor hot-film probe was
used to simultaneously measure turbulent axial and
radial velocity components and temperature fluc-
tuations. Data obtained in this work were presented to
elicit differences in the structure of momentum and
heat transfer in low-Prandtl number fluid flow.

Autospectral density results depicted not only the
structure differences between velocity and temperature
but also the significant buoyancy effects on velocity
spectral structure in heated flow. Although significant
buoyancy effects have been documented for mean flow
structure in mercury flows, the observed shift in energy
spectrum to higher wave-numbers in the heated flow
has been heretofore unreported. In previous liquid
metal work, velocity structure in heated flows was not
measured due to inability to isolate velocity response
of hot-film sensors in mercury flow.
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Cross-spectral density results also showed a marked

difference in the isothermal versus nonisothermal

structure of the uv velocity correlation. Data for cross-

spectral density of vf showed that contributions to
turbulent transport of heat is spread between length
scales of the order of the pipe diameter and 0.02D with
a maximum occurring near 0.05 D.

Calculated microscale results were found to be in
good agreement with a Reynolds number variation
proposed by Lawn [21] after accounting for finite
sensor length attenuation. Ratios of the temperature to
the velocity microscale showed that the temperature
size was as much as three times the velocity size in both
the axial and radial directions and only slightly larger
in the lateral direction. These trends evidence the
anisotropies of the scale lengths. The microscale
results have been used with some success to model the
dissipation of temperature fluctuations through a
dissipation time scale ratio even though it must be
recognized that an equilibrium dissipation time scale
ratio may not exist for many flows.
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MESURES SUR LA STRUCTURE DE LA TURBULENCE

Résumé-—Des mesures sur la structure de la turbulence sont faites pour un écoulement établi de mercure (Pr
= 0,024) dans un tube & Re = 100 000, soit isotherme, soit soumis 4 une condition de flux pariétal constant
égal 2 23,3kW-m™2. On utilise une sonde triple 4 fils chauds spécialement congue pour mesurer
simultanément les fluctuations de vitesses axiale et radiale et les fluctuations de température. Des densités
spectrales sont mesurées pour analyser les différences entre les transports de chaleur et de quantité de
mouvement aux faibles nombres de Prandtl. On calcule des microéchelles. Le rapport de la microéchelle de
température i celle de la vitesse dans les directions axiale et radiale augmente significativement prés de la
paroi, tandis que le rapport latéral tend & décroitre légérement. Dans tous les cas la microéchelle de
température est plus grande que celle des vitesses. Les résultats sont reliés au niveau de turbulence du modéle
k ~ e
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MESSUNGEN DER TURBULENZ-STRUKTUR IN DER ROHRSTROMUNG
VON QUECKSILBER

Zusammenfassung—Es wird iiber Messungen der Turbulenzstruktur in der Rohrstrémung von Quecksilber
(Pr=10,024) bei Re = 100000 in isothermer und nichtisothermer Strémung bei einer konstanten
Wirmestromdichte an der Wand von 23,3kW/m? berichtet. Eine eigens entwickelte Dreifachsensor-
HeiBfilm-Sonde wurde zur gleichzeitigen Messung der axialen und radialen Geschwindigkeits- und
Temperatur-Schwankungen verwendet. Um Unterschiede beim Waiarme- und Impulstransport in
Strémungen bei kleiner Prandtl-Zahl zu untersuchen, wurden die Auto- und die Kreuz-Spektral-Dichte
gemessen. “Microscales” wurden berechnet. Es wurde gefunden, dall das Verhdltnis der “Microscales” von
Temperatur zu Geschwindigkeit in axialer und in radialer Richtung nahe der Wand betrachtlich zunimmt,
wohingegen das laterale Verhdltnis dazu neigt, leicht abzunehmen. In allen Fillen waren die “Microscales”
der Temperatur grofler als die der Geschwindigkeit. Die “Microscale”-Ergebnisse werden auf das k—e-
Niveau des Turbulenz-Modells bezogen.

U3MEPEHHE CTPYKTYPhl TYPBYJIEHTHOCTU MPU TEYEHHUU PTYTU B TPYBE

Annoramms — [IpoBeneHBl M3MEPEHHA TYPOY/IEHTHOH CTPYKTYPBI NMPH NOJHOCTBIO pa3BHTOM (Pr =
0,024) HM30TEPMHYECKOM H HEH3OTEPMHYECKOM TEHYEHHSX PTYTH B Tpybe npu Re = 100 000 u nmocto-
AHHOM [UIOTHOCTH TENJOBOFO MNOTOKA HAa cTeHke, paBHO#M 233 ksT/M~ 2 Jl1s 0JHOBpPEMEHHOTO
H3MEpeHHs aKCHaJbHbIX M palHa/lbHBIX MYJbCALKH CKOPOCTH ¥ (JyKTyauu#d TeMNEpaTyphl MCNONbL30-
BAJICA ClELMAIbHO CKOHCTPYHPOBAHHBIH IJIEHOYHBIH TEPMOINEMEHT C TpEMsA NaT4uxamu. BbuH npo-
BeJEHB M3MEPEHHUS CKOPOCTHBIX H B3aHMMHBIX CIEKTPaJibHBIX MJIOTHOCTEH s BBIACHEHHS DA3IHUMA
B NIpOllECCax MepeHOca TeN1a H HMMYJIbCa B OTOKaX ¢ MasibiM uHcnoM IMpanatis. Mukpomaciutabbt
onpelensnucs pacueTHeiM mytem. HaliieHo, 4To oTHOLleHMe MuKpoMacwiTaba TemnepaTyp K 0po-
JONLHOMY M MONEPevHHOMY MacLITaby CKOPOCTH 3HAYHTENbLHO BO3PACTAET y CTEHKH, B TO BPEMS KaK
3TH OTHOLUEHHS MONEPEK NMOTOKA HECKOJIbKO yMeHbLIatoTcA. Bo BceX ciyyasx MHKpomaciiTab temile-
paTypsl MpeBbillall COOTBETCTBYIOLIMI MHKpomaciiTab ckopoctu. [lonyyeHHble pe3ynbTaThl NpeiiHa-
3HaYeHbl IR MOIEJMPOBAHHS TEMJIONEPEHOCA IMPH HEOAHOPOAHOH TYpOY;1EHTHOCTH C NOMOLUBLIO
MoOAenel BTOporo nopsaxa.



