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Abstract—The structure of fully-developed mercury pipe flow, with and without heat transfer, was studied
at a Reynolds number of 50000 using a hot-film anemometer. Traverses were made in a 1-434 in. dia,
vertical, heated test section at a constant wall heat flux of 3820 Btu/hft2,

Axial turbulent velocity fluctuation measurements in isothermal pipe flow were made with both x-sensor
and single-sensor hot-film probes. The radial turbulent velocity fluctuation intensity and the turbulent shear
stress were also measured with an x-sensor probe. General agreement of the velocity results with correspond-
ing measurements made in air indicates that the mercury flow turbulent velocity structure is similar to other
fluids. The production and dissipation of turbulent kinetic energy were calculated from both single sensor and
x-sensor data and were found to agree closely with the air data of Laufer.

Turbulent temperature fluctuations, measured by using the hot-film anemometer as a resistance thermo-
meter, were found to agree with the results of other measuring techniques.

The turbulent axial heat flux, pcpu_’(T’, and the turbulent radial heat flux, pcp@-’, were also measured with
both single and x-sensor hot-film probes using a modified Kovasznay method to separate temperature and
velocity sensitivities. The combination of relatively poor velocity sensitivity combined with the large
temperature sensitivity and superimposed axial free convection resulted in uncertain values of #’0". The
measured values of u§’ were unusually large in the wall region but indicated that convective and conductive

transport were nearly equal in the turbulent core region.

NOMENCLATURE sensor is operating above the ambient
¢, specific heat [Btu/Ibm’F]; B temperature .for a given AR, [°F];. _
D, test section diameter [ft]; U, ten§or n_otat101.1 for average velocity, U,
E, anemometer instantaneous voltage [V]: , (axial), U (radial), U, (azimuthal) [ft/ s],
e, fluctuating hot-film sensor voltage [V]: u;, tensor notatlonl for .ﬂuctuelmng ‘{elocny
K, thermal conductivity [Btu/h ft °F]; components, «, (axial), «, (radial), u,
M, Kovasznay parameter defined as (azimuthal) [ft/s]; .

2 , V@3 J@7F), root-mean-square of fluctuating

M = i 97 [°F*] L velocity components [ft/s];

_ wu, turbulent axial-radial velocity correla-

P, average pressure [Ibf/ft?]; tion [ft?/s2];

Pr, Prandtl numb[er, Pr =2v/a; ue, radial turbulent velocity-temperature

4, wall heat flux [Btu/hft*]; correlation [ft°F/s];

R,, tes(;t. s;sctio?rad-iust [ftt], fon [1] up, axial turbulent velocity~temperature

r, radial position in test section ; correlation [ft°F/s];

Re, Reynolds number, Re = DU,/v; U, bulk velocity [ft/s];

S, Ef;lo;:;tiz sensitivity of hot-film sensor U*, friction velocity, U* = U,./(f/2) [ft/s];

s/ft]: U effective coolin locity for hot-fi
o . g velocity for hot-film

Sg temg)erature sensitivity of hot-film sensor c sensors [ft/s];

o [V/°F]; X tensor notation for radial coordinates

I, T(n), local average temperature at a point x,r, [ft];

, [ Fl ili CF] X, hot-film sensitivity ratio,

. wall temperature [ °F

T, centerline temperature [°F]; X = i [°F s/ft];

T%, friction temperature, T* = q./pc,U*; Sp l

AT, temperature difference that the hot-film ¥, distance from pipe wall [ft];

o, thermal diffusivity [ft2/h];

* Presentaddress: Westinghouse Nuclear Energy Systems, & dissipation of turbulent kinetic energy

PWR Division, Montoeville, Pa. 15146, US.A. per unit mass [ft>/h];
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1, dimensionless distance from wall;

a, turbulent temperature fluctuation [°F]:

\/(57'3), root-mean square of turbulent tempera-
ture fluctuation [*F]:

¥, kinematic viscosity [ft*/h]:

P density [1bm/ft*]:

T, wall shear stress [ 1bf/ft*]:

time average.

L INTRODUCTION

THE TURBULENT transfer of heat to and from fluids
is one of the most important modes of industrial heat
transfer. This is particularly true of the liguid metal
fast breeder reactor concept which requires large
power densities and heat fluxes. However, the com-
plex nature of turbulent flow results in the governing
equations becoming indeterminate, thus, preventing
a straight-forward analytical solution.

In most fluids, analogies can be constructed between
the heat and momentum transport so that the overall
heat transfer can be predicted from the knowledge
of the velocity field. While these analogies do provide
an overall description of the transport, the models
used are not in terms of a measurable statistical
quantity which characterizes the randomly fluctuat-
ing turbulent field. Most of these analogies are not
suitable for liquid metals since the modes of turbulent
transport of heat and momentum are no longer
similar. Other semiempirical approaches for liquid
metal flows have been proposed by Martinelli [1],
Dwyer [2], Jenkins [3], Kropholler and Carr [4].
and many others. However, these approaches require
assumptions regarding eddy transport in the flowing
fluid.

The objective of this research was to measure the
statistical behavior of the fluctuating temperature
and velocity fields using a hot-film anemometer as a
step in developing a picture of the turbulent transport
of both heat and momentum which would be useful
in the future formulation of models.

One of the best documented cases of turbulent
transport is isothermal fully-developed pipe flow.
This particular flow field includes nearly all the
typical behavior of a general tubulent shear flow,
ie. production of turbulence, turbulent convec-
tion, dissipation, and turbulent diffusion. Moreover,
due to symmetry, the equations for this flow field are
in their simplest form. This symmetry allows the
maximum amount of information to be obtained with
the fewest measurements.

The transport of fluid momentum in a turbulent
flow is governed by the Reynolds equations which
can be derived from the classical Navier-Stokes
relations as shown by Hinze [5] The Reynolds

equation for fully developed, steady pipe flow is

4= = dpP L phd rduy )
dr T pdx rdr| dr

A similar equation can be developed for the turbulent
transfer of heat for steady, fully-developed flow in a
pipe

o A ~ AT
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In addition to the turbulent heat and momentum

distributions, the distribution of turbulent kinetic
energy is useful for developing flow structure informa-
tion. The complete derivation of the turbulent
kinetic energy equation for pipe flow is found in
Hinze who used an order-of-magnitude technique to
identify the significant terms for different flow
regions in the pipe. Using his approach, the turbulent
kinetic energy equation for the turbulent core is
w

xr

x }'{;{ f + g"i’j__tvu{z + l‘:;,z) }1 eD -0
e 2 Fapes = O

{3}
The ¢ in equation (3) represents the dissipation of
turbulent kinetic energy while the first term repre-
sents the production of turbulent energy from the mean
flow. By using single and x-sensor hot-film probes,
pitot tubes, and a fluid thermocouple. all terms in
equations (1}-(3) can be measured. In this study all
terms except the second term in equation (3) were
measured.

i1, EXPERIMENTAL SYSTEM

A. Heat transfer loop

The flow system used in this study, shown in Fig. 1,
was an especially-built heat transfer loop designed
10 accommodate liquids to temperatures of 200°F
and pressures of 300 psia. The test fluid, mercury in
this study, 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 the secondary water flow. The secondary
water was, in turn, cooled by a chilled water supply in
an adjoining laboratory.

The primary system was constructed from 13 in.
and 1in. Schedule 10, contour-welded, type 304,
stainless steel pipe joined together by 300 psia stain-
less steel ring joint flanges. The 132-diameter long
test section had a 65-diameter entrance length for
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Fig. 1. Heat transfer loop.

velocity field development followed by a 67-diameter
length heated with a uniform wall heat flux for
thermal field development. Both the test section and
return line were constructed from single pieces of
contour-welded stainless steel pipe and were both
preceded by straightening vanes to eliminate any
swirl component in the flow due to passage uii‘Ougu
the pipe fittings. To insure both a true diameter and a
smooth inside surface, both pipes were reamed and
polished to a 0-7 per cent variation in the inside
diameter. The inside surface was hydraulically smooth
to a Reynolds number of approximately 10°.

The traversing mechanism, located at the top of the
heated test section as shown in Fig. 1, allowed three
probes to be inserted into the flow 90° apart with the
capability of traversing at least 75 per cent of the
diameter. All three probes penetrated two pipe
diameters upstream to minimize any end effects.

Test section inlet and exit temperatures were
measured with thermocouples in mixing chambers
which immediately preceded and followed the test
section. The mercury flow rate was measured using an
Arifina mmatar an tlame a LN F g p— b}

A
ULuLe vl aniQ Cll.llUl 4 ovii. Uow uUW rawes) Of a

30in. (high flows) well-type manometer which was
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readable to the nearest 0-01 in. Mercury circulation
was provided by a Goulds Model 3196-STD-Group
M-1-14-13 stainless steel pump whose capacity was
25 gpm at 46 ft. The filter used was a Cuno Engineer-
ing Company, Model TG1GH151802-1-SA, full-flow
stainless steel filter with a 5-micron nominal, 25-

micron, rating. Additional facility details are available
infTal
in[6].

B. Hot-film anemometer system

A two-channel Thermo-Systems, Model 1050,
constant-temperature hot-film anemometer system
was used in this study. The system included two
Model 1057 signal conditioners, zero suppression

nd cirenite nd twa Madal 1n/1n tam_
ana a,lupuu»x Circuits, ana (wWo MOGel Wil

perature bridge switches. A Model 1040 temperature
bridge switch was interconnected with each anemo-
meter channel. When this bridge was in the velocity
position, the temperature bridge circuit was bypassed
and the anemometer functioned in a constant tem-
perature mode. However, when the switch was in the
temperature position, the anemometer channel func-
tioned as an uncompensated, constant current anemo-
meter. In this mode, a small heating current flowed
through the sensor such that the hot-film sensor
acted as a resistance thermometer and sensed only
temperature fluctuations in the flow.

The turbulent intensities, both velocity and tem-
perature, were measured with a Thermo-Systems,
Model 1060, rms meter which had time constants
adjustabie up to 100 s and a frequency response down
to 0-1 Hz (3 db point) at a time constant of 100s.
The instantanecus sum and difference of the two
fluctuating voltage signals from the x-sensor probe
were measured using a Thermo-Systems, Model

1015C random sional correlatar Turhulant valacity
1U100, TanGom signai Correiatior. s ursuieni veiodity

and temperature fluctuations were also recorded
on 2 four-channel Precision Instrument Company,
Model 6200, FM tape recorder.

The hot-film sensors used in this study consisted
of a 0-002-in. dia quartz cylinder which had a 1000-
angstrom thick platinum film deposited around the
outside of the cylinder Quartz was then sputtered
OVEer LIIE pldllllulll llllll to Clectrlbdlly IIlbUld.lC 1[ lrom
the mercury. The active dimensions of the sensor
were 0-002in. diameter by 0-040 in. long (designated
as —20 sensors by Thermo-Systems). This particular
sensor size proved the most satisfactory in a trial of
several sized sensors in an attempt to obtain adequate
sensor velocity sensitivity with minimum sensor
size. The x-sensors were standard, —20 sensors
{0-002 in. active length of 0-040 in) but were
inclined at 45° to the axis of the pipe.

Ao
aia,
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The anemometer bridge voltage can be represented
as

E = (U0 AT) (4

where U, is the effective velocity for the sensor and
AT is T, — T, For a sensor placed normal to the mean
flow direction, U ,; = U . By assuming that the small
fluctuations in power level are due to the local
turbulent velocity and temperature fluctuations. the
instantaneous response equation for a sensor normal
to the mean flow becomes

¢ =S~ S (5)
where
CE
S, = Foa {6)
and
CE
S, = 7
b AAT, )

The mean square of equation (5) now becomes
e? =8 ulr - 25S5,u0 + 5,07 (8)

Calibration curves were obtained by operating
the sensor at various temperature differences in a
constant temperature, low turbulent intensity flow
at the pipe centerline for several different velocities.
To evaluate the temperature and velocity sensi-
tivities, the calibration results were least-squares
fitted to a power law expression and then differen-
tiated. Once the hot-film’s sensitivity to both tempera-
ture and velocity fluctuations are known, equation
(8) gives the relationship between the known quanti-
ties, €7, §,, S, and the unknowns, «7, u 0, and
077. Since there are three knowns, at least three rela-
lationships similar to equation (8) are needed to
solve the problem.

The modified Kovasznay Fluctuation Diagram
method suggested by Arya [7] was used to reduce
the errors in calculating the desired turbulent
correlations and intensities in a heated flow. In this
method, an independent measurement of the turbulent
temperature fluctuations was made by using the hot-
film sensor as a resistance thermometer. Then letting

¢ — .
_t e 9
M S 9

equation (8) becomes

M= Xu? - 2Xul. (10)
By using the hot-wire sensor as a resistance thermo-
meter, the intercept of the Kovasznay Diagram was
then fixed at X = 0, and values of &7 and « 8 were

then calculated from the data. Unfortunately, this
method did not yield the results hoped for since the
hot-film sensor did not have sufficient velocity
sensitivity to overcome the large temperature fluctua-
tions and temperature sensitivity of the sensor. A
similar procedure used to evaluate the x-sensor
measurements in the temperature varying flow s
given in [67].

1. RESULTS AND DISCUSSION

A. Isothermal turbulent velocity fiuctuation measure-
ments

The isothermal axial component of the turbulent
velocity fluctuations, \,/(u—f)/U*. was measured using
both a single hot-film sensor and an x-sensor probe.
All data were taken at a Reynolds number of approxi-
mately 50000 (51000 for the single sensor data and
49600 for the x-sensor data). The axial intensity data,
measured with the single sensor and the x-sensor, are
shown in Fig. 2 with the liquid data of Burchill [§&]
(water), Cohen [9] (water), Gardner [10] {mercury).
and Patterson [11] (organic solvent): and the air
data of Laufer [12] and Patel [13]. The curve shown
represents data taken at different single sensor
temperatures but which agreed within three per cent.
Although these single sensor results are somewhat
higher than most of the other work at a Reynolds
number of 50000, they are in close agreement with
Patel's data taken at two larger Reynolds numbers.
This trend is particularly evident near the wall
region. The x-sensor axial turbulent intensity values.
also shown in Fig. 2, which are approximately 10
per cent below the single sensor measurements. are in
better agreement with Laufer’s air data.

The radial turbulent velocity intensity. /(?/U*},
calculated from the measured x-sensor data. is shown
in Fig. 3 together with Burchill's Cohen’s, and
Laufer’s data. The present results represent the
average of two runs, with agreement within 11 per
cent, taken at two different sensor overheats. Good
agreement was obtained with Laufer’s air results
while Burchill's and Cohen’s data are significantly
higher, a difference most likely due to the sensor
drift experienced during their experiments.

The present turbulent axial velocity intensity data
exhibit a maximum near the wall at a y" value of
approximately 26-33. Laufer found his axial velocity
fluctuations peaked at a y* of approximately 20
for both his 50000 and 500000 Reynolds number
data; Burchill found no definite peak in his axial
intensity data at a Reynolds number of 50000.
Kudva's {14] axial velocity intensities, measured
in ethylene glycol at a Reynolds number of 6000C.
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Fi. 2. Single sensor and x-sensor axial turbulent velocity
fluctuations at Re = 50000.
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F1G. 3. X-sensor radial turbulent velocity fluctuations at

indicated an axial intensity peak at a y* value of
approximately 12-15. Therefore, the present data,
Laufer’s air measurements, and Kudva’s glycol data
indicate that the turbulence structure is relatively
Reynolds number independent in the viscous-buffer
region where y* < 30.

The location of the peak in the axiai velocity
intensity is significant, since it is the approximate

location of the maximum production of turbulent
kinetic energy. Hinze showed that the energy transfer
from the mean motion, through the turbuient shear
ctress, only increases the axial intensity component
and not the other turbulent velocity components;
thus resulting in a sharp peaking of the axial intensity
near the wall. The radial and aximuthal velocity
fluctuation components
axial velocity component through the pressure-
velocity gradient correlation which couples the
three turbulent velocity components. Since the radial
velocity intensity gradient is small near the wall, it
appears that the energy transfer from the axial
intensity is gradual and occurs more toward the
turbulent core. The energy transfer mechanism at the
wall creaies a large degree of anisotropy in the tur-
bulence structure while the energy transfer among
the turbulent velocity components makes the turbu-
lence more isotropic. Therefore, the measured values
of the turbulent intensity should be approximately

equal at the pipe centerline. The present data indicate

uax ail ull prpe COIRCINL, 2 00 pICSCLI Cala hGRar

that the radial intensity is approximately 20 per cent
smaller than the axial turbulent intensity at the pipe
centerline. Laufer’s air data showed that the intensi-
ties were equal thus indicating that energy transfer
between the turbulent velocity components does
increase the degree of isotropy.

panaiva  atargy frame tha
reCeive Cneigy iroim uid

B.Turbulent shear stress measurements

The turbulent shear stress was measured using two
different hot-film over-heat ratios with an x-sensor.
The present results are shown in Fig. 4 along with
Laufer’s air data and Burchill’s and Cohen’s water
data. Also shown in Fig. 4 are plots of the total,
viscous, and turbulent shear stress. The viscous shear
stress was calculated from a previousiy measured
isothermal velocity profile [6]. Present mercury
results are in good agreement with both the linear
total shear stress distribution and Laufer’s air data.
However, the water data appear to be much too low.

The present measured turbulent shear stress values

g CSCINL TDCASUICC 1VIDUKCIIL SACar SiICss vaiug

were Iarger than the predicted turbulent shear stress
curve in the wall region, a tendency also observed by
Laufer and Sandborn [15] in fully-developed pipe
flow. In the present work, the two data points closest
to the wall were corrected for velocity averaging
across the sensor by using von Karmén’s [ 16] velocity

profile to calculate an average fluid velocity across
the hranr‘de Lensor lpnoﬂ-\ The recultino velocity

1C projeciecC SCIsor englll xac ICsuilng vaioClly

correction was only three per cent for the data point
closest to the wall. The same correction when applied
to the previously discussed radial intensity measure-
ments yielded an even smaller effect. The present
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FiG. 4. Turbulent shear stress comparisons at Re = 50000.

x-sensor data were also corrected for the effect of
sensor yaw by using the yaw sensitivity data of Hill
[17] and Schlosser [18] with the sensor response
equation suggested by Hinze.

Single sensor axial turbulent velocity fluctuations
were also recorded using an FM tape recorder. By
applying the data analysis methods described in [6],
the second moment of the spectral data was calculated
to determine, e, the dissipation of turbulent kinetic
energy. Using the measured turbulent shear stress
data, the mean velocity profile, and the measured
pressure drop information, both the turbulent kinetic
energy production and dissipation terms in equation
(3) were calculated and are shown in Fig. 5. Good
agreement was obtained with the turbulent produc-
tion and dissipation of kinetic energy calculated from
Laufer’s air data at a centerline Reynolds number of
50000. Both the turbulent production and dissipation
are maximum at the wall indicating that the majority
of the turbulent kinetic energy which is transferred
from the mean motion is dissipated immediately. The
large peak in the axial turbulent intensity, shown in
Fig. 2, corresponds with the approximate location
of the turbulent production peak, as expected, since
N (u’?) received its energy directly from the turbulent
production at the wall.

C. Turbulent temperature fluctuation measurements
Turbulent temperature fluctuations were measured

at a Reynolds number of 50000 with a constant wall

heat flux of 3820 Btu/hft? using a standard —20 hot-
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FIG. 5. Production and dissipation of turbulent kinetic
energy at Re = 50000.

film sensor as a calibrated resistance thermometer. A
analysis indicated that the sensor had adequate
response to 150 Hz and its 3 db point was approxi-
mately 400 Hz [6].

The measured turbulent temperature fluctuation
data are shown in Fig. 6 together with the results of
Hochreiter and Sesonske [19] who measured tem-
perature fluctuations in NaK (56 % K) flowing in a
horizontal tube with a constant wall heat flux using
arapid response thermocouple. The data are presented
as

VO, - T)
T*2

in an attempt to compensate for the different physical
properties of the two fluids. Normalizing the tem-
perature fluctuations in this manner results in
reasonable similarity near the centerline indicating
that the hot-film sensor will give reliable values of
turbulent temperature fluctuations. However, since
the wall region is the location of maximum turbulent
kinetic energy and temperature fluctuations, the
effect of different temperature profiles will alter the
temperature fluctuation production; hence, the magni-
tude of /(B?). Figure 6 also indicates the large
amplitude temperature fluctuations penetrate out
into the turbulent core and are not confined to the
wall region. Rust and Sesonske [20] and Hochreiter
and Sesonske showed that the amount of penetra-
tion is a strong function of the fluid Prandtl number.
Low Prandtl number fluids display a peak tempera-
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F1G. 6. Turbulent temperature fluctuations in liquid metals.

ture fluctuation at y/R, = 0-3 while higher Prandtl
number fluids exhibit temperature fluctuation peaks
much closer to the wall.

D. Turbulent axial heat flux measurements

The turbulent axial heat flux, or the ¥.8" correla-
tion, was also measured at a Reynolds number of
50000 with a wall heat flux of 3820 Btu/hft%. The
u @ correlation was calculated using the modified
Kovasznay technique described earlier.

During these experiments, it became evident that
the hot-film sensor was very temperature sensitive
even when operated at high overheats in the velocity
mode. The large low frequency temperature fluc-
tuations tended to overwhelm the response of the
sensor to velocity fluctuations, particularly at the

lower overheats, Hisher sensor overheats were there-

CIiCAals, TRIEACT SLsOL CLicals CIC LOCIC

fore used in an attempt to increase the velocity
sensitivity. Although this mode of operation helped
to some extent, the sensor’s output was stili strongly
influenced by the large temperature fluctuations in
the flow, which resulted in positive values of w9
being calculated from equation (10).

An analysis was performed on the data to determine
the likely errors in 1@ using the Kovasznay method.
Since sensor cahbratlons were reproducible, and
there was very little error in the power law fit to the
calibration data; ali the error in the Kovasznay
method was assumed to result from fitting equation
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(10) with a least-squares parabola. The calculated
error in the 4.6 data was found to be approximately
40 per cent.

The measured values of w.@ are shown in Fig. 7
along with Kudva’s ethylene glycol data, Bremhorst
and Bullock’s [21] air data, and Burchill’s water
data. The mercury data are seen to be opposite in
t of the flow. Only
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FI;G. 7. Turbulent axial heat flux measurements.

at the wall, where the velocity sensitivity was relatively
large and the temperature fluctuations were small,
does the sign of the mercury data agree with the other
data. Since the axial temperature gradient is positive,
the axial turbulent velocity fluctuations will convect
cooler fluid from one axial position to warmer fluid
further downstream. The convection of cooler fluid

into warmer fluid causes the warmer fluid to lose
,,’7-7 correlation

LOIICIAUCIL

hent giving rise to an exnected

..... SVINg 150 CApPLLiLd

Arya’s u_ @ data for a cooled boundary layer showed
a positive value which is in agreement with this simple
transport approach.

Since the present «. results displayed the opposite
sign, it was thought they were erroneous. However,
recent ,§ measurements in air by Connor [22]
indicate that this particular turbulent parameter

is very sengitive to the amount of free convection

SCNsll 210 amounm e CONMVOCRIOn

present and will change from a negative to a positive
sign before the free convection severely distorts the
mean velocity field. Therefore, an attempt was
made to assess the amount of free convection, if any,
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in the present work. A heated velocity profile for the
present conditions was calculated from the heated
velocity profile measurements of Jacoby and Sesonske
[23] and Horston [24]. This estimated velocity profile
was much flatter at the centerline than the isothermal
profile indicating that free convection was indeed
present and might have caused distortion of the heated
turbulent measurements. Since the accuracy of the
present %8 measurements is limited, it is not clear
how significant the free convection effects are. Addi-
tional turbulent axial heat flux measurements in
mercury are therefore needed over a range of wall
heat flux values to resolve this picture.
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radial heat flux measurements at

Re = 50000.

Fic. 8. Turbulent

E. Turbulent radial heat flux measurements

The turbulent radial heat flux was also measured
using an x-sensor probe at a Reynolds number of
50000 with a wall heat flux of 3820 Btu/hft®. Response
equations and calibration procedures are given in
[6]. Measured values of 8, with the calculated error,
are shown in Fig. 8§ with Burchill’s water measure-
ments. The present data show a consistent trend and
peak at y/R, = 02, while Burchill’s data show no
definite peak. Since radial velocity intensity in this
region is nearly a constant as shown in Fig. 3, the
%@ distribution appears to be influenced more by
the turbulent temperature fluctuations than by the
radial velocity fluctuations.
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F1G. 9. Turbulent radial heat flux balance.

The magnitude of &6 is smaller than «§ for both
the present data and Burchill's water data. Arya
showed that in a nonisothermal boundary layer, the
axial turbulent heat flux should be larger than the
radial turbulent heat flux, pe, u—;?f When his analysis
is applied to fully-developed pipe flow. it can be
shown that the u§ correlation is only enhanced
through interaction with the mean temperature field
while the ¥’ correlation is “produced” by inter-
actions with both the mean velocity and temperature
fields. Therefor, u_0" is favored by the mean flow and
should be larger than /@. The present measurements
and the data of both Arya and Burchill confirm this.
It might also be noted that there appears to be a
stronger Prandtl number effect in the 8" data trends
than in the &/ data.

Considering an energy balance on a cylindrical
shell of fluid, equation (2) can be rewritten as

— T _— T
pcpj U(r)gx—rdr = r(pcpﬂr@_ + k;) (11)

By replacing the axial temperature gradient with the
wall heat flux, equation (11) becomes

4y ue) , . _ =y i? 12
W{f———ub n' dn -(pcpuG +k(’3n (12)
0

The left hand of equation (12) was calculated using
Travis’s [25] predicted isothermal velocity profile
which was modified to account for heating. The
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molecular heat flux was calculated using the slope
of a previously measured temperature profile at the
same conditions.

As seen from Fig. 9, the sum of the conduction
and convection terms are greater than the total heat
input at y/R,, values of 0-1-05. Since this is physically
impossible, the measured values of #/§ are apparently
twice as large at y/R, = 0-2 if the conduction flux
is assumed to be correct. Since the error analysis does
not explain this difference, the technique used to
measure and calculate 40’ becomes suspect.

The same problems that plagued the 4 8" measure-
ments (poor velocity sensitivity, large temperature
sensitivity, and very large temperature fluctuations)
affected the /6" measurements. It was hoped that by

subtracting the two x-sensor signals, the temperature:

fluctuation and temperature sensitivity problems
would be minimized. As Fig. 9 indicates, these pro-
cedures worked reasonably well in the regions of
small temperature fluctuations, i.e. at the wall and
centerline. However, the poorest results occurred at
the location of the maximum point of the turbulent
temperature fluctuations.

The data trends indicate that the convection effect
was the largest at or near the maximum point of the
turbulent temperature fluctuations (y/R, = 0-2-0-3).
The «0 trends also show that the conduction t.ans-
port can be as large as the convection transport in the
turbulent core region. The small value of § at the
center is due to the small production of /0" at the
center and the small /(%) and ,/(f7%) intensities in
that region.

The present #§ measurements do not appear
distorted due to the superimposed free convection.
The eddy diffusivity of heat predictions of Jacoby and
Sesonske, as well as Horsten, indicate ¢,; therefore,
40" should decrease as the amount of free convection
increases. This trend is not observed in the present
data which might indicate that the radial turbulent
transport is not as seriously affected by axially-
directed free convection as is the axial turbulent
transport.

Figure 9 also indicates that approximately one-
half the heat is transported by convection. This is
consistent with the Lyon equation [26] prediction of
a Nusselt number of approximately 14 for the present
conditions including a molecular conduction contri-
bution of 7-0.

Arya’s air measurements in a cooled boundary
layer flow show a different balance between conduc-
tive and convective heat transport. His results were
also obtained using the modified Kovasznay tech-
nique. As expected in air, the heat transport by
conduction was only significant at the wall with

121

turbulent convection as the principal mode of heat
transport throughout the boundary layer. The ratio
of convective transport to conductive transport was
approximately ten-to-one for the air boundary
layer, compared with a one-to-one ratio for the
present mercury pipe flow.

IV. CONCLUSIONS

The isothermal turbulent measurements show
good agreement with the air data of Laufer and
indicate that accurate measurements are possible
with a hot-film sensor in mercury. The isothermal
turbulent structure was found to be nearly the same
for both air and mercury at a Reynolds number of
50000.

The heated measurements indicated different trends
from other heated data and are more difficult to inter-
pret. While the turbulent temperature fluctuations
agreed with previously-measured thermocouple data,
the turbulent axial heat flux measurements displayed
opposite trends from similar data in other fluids.
The present axial heat flux values were positive over
most of the flow field and agreed with trends observed
by Connor in mixed, free and forced convection in air.
A close examination of other mercury data, taken
in mixed convection regimes, indicated there was
superimposed free convection in the present experi-
ments which could have distorted the axial turbu-
lent heat flux data. Therefore, additional turbulent
axial heat flux measurements are needed at several
wall heat flux values before final conclusions can be
drawn.

The radial heat balance and radial heat flux
measurements indicated that for the present Péclet
number, heat is transmitted equally by the conductive
and convective mechanisms near the pipe center. The
turbulent radial heat flux data in the wall region
appeared to be more sensitive to the turbulent
temperature fluctuation field rather than the velocity
fluctuation field and did not appear to be sensitive
to the free convection. Both turbulent radial heat
flux and temperature fluctuations exhibit a maximum
in this region. The turbulent radial heat flux displayed
a decrease at the wall where the conductive mechan-
ism was the largest. The ratio of the conductive
and convective transport mechanisms generally agreed
with Lyon’s integral modeling approach for this
Reynolds number.
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STRUCTURE TURBULENTE DE L’ECOULEMENT ISOTHERME OU NON D'UN METAL
LIQUIDE DANS UN TUBE

Résumé . -On étudie & 1"aide d’un anémometre a film chaud I’écoulement du mercure dans un tube. avec
ou sans transfert de chaleur, 2 un nombre de Reynolds de 50.000. On réalise une section de mesure chauffée &
un flux constant de 12044 W/m? pour un diamétre de 3,64 cm.

Les mesures de {luctuation de vitesse axiale dans I’écouiement isotherme sont faites avec des jauges a film
chaud 4 éléments simples ou croisés. L'accord général avec les résultats correspondant au cas de l'air
indique que I'écoulement turbulent du mercure est semblable 4 celui des autres fluides. La production et la
dissipation de 'énergie cinétique turbulente sont calculées & partir des résultats des mesures et s’accordent
avec les résultats de Laufer pour i air.

Les fluctuations de température mesurées avec 'anémométre & film chaud utilisé en résistance thermo-
métrique, s'accordent avec les résultats des autres techniques de mesure.

Le flux thermique axial turbuient (pc, &, @) et le flux thermique radial (pc, «,0) sont mesurés a 'aide
des sondes a film chaud —simples et croisées——avec une méthode de Kovasznay modifiée pour séparer fes
sensibilités & la température et 2 1a vitesse. La combinaison de la sensibilité assez faible a la vitesse et de la
grande sensibilité A la température, et I'existence d’une convection naturelle axiale surajoutée ont pour
résultat une incertitude sur w,0. Les valeurs mesurées de u 8 sont inhabitueliement élevées dans la région

de 1a paroi mais les transports convectif et conductif sont presque égaux.

TURBULENTE STRUKTUR ISOTHERMER UND NICHTISOTHERMER
ROHRSTROMUNG VON FLUSSIG- METALL

Zusammenfassung—Die Struktur einer voll entwickelten Quecksilber-Rohrstromung, mit und chne
Wirmeiibertragung. wurde bei Reynolds-Zahlen von 50000 untersucht mit Hilfe eines Heissfilmanemo-
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meters. Quermessungen wurden durchgefiihrt in einem senkrechten, beheizten Testabschnitt von 36,4 mm
Durchmesser bei einem konstanten Warmestrom durch die Wand von 1,2 W/cm?. Die Messungen der

Azialgeschwindigkeit der turbulenten isothermen Rohr-Strémung wurden sowohl mit einer x- Sonde als

auch mit Einzelsonden gemacht.

Die Radialgeschwindigkeit und die Schubspannung der turbulenten Stromung wurde ebenfalls mit
einer x- Sonde gemessen. Allgemein stimmen die Geschwindigkeitsmessungen mit Messungen in Luft
iiberein und zeigen, dass die Struktur der turbulenten Quecksllberstromung mit der anderer F lus51gke1ten
vergleichbar ist. Entstehung und Auflésung der turbulenten kinetischen Energie wurden aus Einzelsonden
und x- Sonden Daten berechnet und stimmen gut mit den Daten fiir Luft nach Laufer (iberein. Die
Temperatur der turbulenten Strémung, gemessen mit einem Heissfilmanemometer und einem Wider-
standsthermometer, stimmt mit den Ergebnissen aus anderen Messmethoden gut {iberein. Der turbulente
axiale Wirmestrom, pc, 410" und der turbulente radiale Warmestrom, pe,ut0" wurde ebenfalls mit Einzel-
und x- Heissfilmsonden gemessen unter Beniitzung einer modifizierten Kovasznay —Methode, um die
Temperatur —und Geschwmdlgkeltsempﬁndhchkelten Zu trennen.

Die Kombination einer geringen Geschwindigkeits- mit einer grossen sen Temperaturempfindlichkeit und
dic uberlageru..5 der axialen Konvektion hicfern streuende Werte fir #,0. Dic gemessenen Werte fiir 0
wurden in Wandnihe ungewdhnlich gross, zeigen aber, dass Konvektlons— und Leitungsanteil in der Mltte

des turbulenten Gebiets fast gleich sind.

TYPBYJEHTHAA CTPYHTYPA U30TEPMUYECHKOI'O U
HEU3OTEPMUYECKOI'O TEYEHUN HUOKOTO METAJIJIA B TPYBE

Ansoranus—C TNOMOIIBI0 IJEHOYHOTO TepMOAHEMOMETPA HCCJIEA0BANACH CTPYKTYpA HOJ-
HOCTBIO PABBHTOr0 TEYeHHS PTYTH B TpyOe NP HAJMYMM U OTCYTCTBHH IleDEHOCA Tela H
uncne PeiiHombaca, paBHom 50000. HMsMepeHus NpOBOOHIMCH NONKPEH BEPTHKAILHOIO
HATPEBAEMOTO ONBTHOTO yYacTHa fuaMeTpom 1,434 noiiMa mpu NOCTOAHHOM TENJIOBOM MOTOKe
Ha crepke, paBroM 3820 BTE/4ac ¢yr2.

Wamepenns TypOyieHTHRIX KOJEOAHMUI CKOPOCTH BHOJb OCH IPH MA0TEPMUYECKOM TEUeHIH
B TpyGe NPOUBBOLMINCH C MOMOINbI0 IJIEHOUHOrO 30HAA ¢ X-HAaTYMKOM, A Takme 30HIOM C
eIMHIYHEIM JaTunkoM. C HOMOIbI0 X-JATIMKA UBMEPHAINCH TAKMHEe HHTEHCHBHOCTh PagUalb-
HHX TypOydeHTHHX Komebamuit CxOpocTM M TYpOyJeHTHOE KacarelbHOe HallpsHeHUe,
Ofuiee coBHAEHME DEBYIbTATOB € COOTBETCTBYWOINUMY HSMEDEHUAMH, BHINOJTHEHHHIMH B
BO3IYX€, YKA3hBAeT HA TO, 4TO TYpOyJIeHTHASA CTPYKTYpa CKOPOCTH TedeHUS PTYTH aHA-
JOTMYHA TEYEHHAM APYTHX KIJKOCTHH. BejnmunHa u gumccunanus TypOyJeHTHON KHUHeTH-

AL AT NIANTIT NALCUNTLIDA TAAL TI0 TATIIIIM aTuUumnn, mamy T v murrrrea  Hadimarns
HECHOM SHEPIUH PACCHUTHIBaJIMCE IIC HallHLIM CAMHNYHOMG AaTHUHAE U X-JaTyMHa. Haup,t;uu,

9TO pe3yJbTATH OJIMBKO COTIAcyIOTCA ¢ gaHHEME Jlaydepa Amsa Bosgyxa.

Hatineno, 4ro TypGyaeHTHEE KoJde0aHNA TeMHEPATYPH, UBMEPEHHbIE C NOMOLIBIO IIIEHOY-
HOr'0 TepMOAHEMOMETDA, HCIOJB3YEMOT0 B Ka4yecTBe TePMOMETPa CONPOTUBIIEHUA, COria-
CYIOTCA C pe3ynbTaTaMu, IOJYYeHHBIMU APYTMMU U3MepUTeJILHEIMU MeTORaMM.

Tvpﬁy.HEHTHHPi TEIJIOBOH MOTOK BROAL OCH pc,ut' Y 1 TypGyIeHTHEIN pafuaTbHEL TenII0BO
HOTOK pCyu, 8 Taxime NBMePAIMCH TEPMOBOHAAMHM C eJUHAYHEIM JATIMKOM U X-TATYNKOM
MonmpnunpOBaHHmM meTofom KOBaHOTO IR PA3NeXbHOTO ONpedeJeHUS TeMIepaTypHl H
CKOpocTH. B pesynbTaTe OTHOCHTENBHO c]1af0it UyBCTBUTEIBHOCTH K CHOPOCTH M GOdBIIOI
YYBCTBUTEJBHOCTH K TEMNEDAType M HANOMEHMs AKCUANBHONH CBOGOZHON KOHBEKIMH
NOJlyveHEl HeONpefedeHHble 3HAYEHUA %, § . [Ipu NaMepeHUU MONYYEHE HEOOHYHO GOJIbIIMe
BHAYeHNA u, @ B npucreHOUHON obmacTy, ROTOpLIe YHABBIBAWT HA TO, YTO B 30He TypOyIeHT-

HOTO Apa KOHBEKTUBHHI 1 Ronn_vmnsnmﬁ HEPEHOC IOUTH OJUHAKOBEL.
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