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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/hft’. 

Axial turbulent velocity fluctuation measurements in isothermal pipe flow were made with both x-sensor 
and smgle-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 ofturbulent 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, pci,m, and the turbulent radial heat flux, PC,-, 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 p. The 
measured values ofv were unusually large in the wall region but indicated that convective and conductive 

transport were nearly equal in the turbulent core region. 
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NOMENCLATURE 

specific heat [Btu/lbm”F]; 
test section diameter [ft]; 
anemometer instantaneous voltage [V] : 
fluctuating hot-film sensor voltage [V]: 
thermal conductivity [Btu/h ft OF]; 

Kovasznay parameter defined as 

.w=$-?p[‘Fz] 

average pressure [lbf/ft’] ; 
Prandtl number, Pr = v/a; 

wall heat flux [Btu/hft2]; 
test section radius [ft] ; 
radial position in test section [ft]; 
Reynolds number, Re = DU,/v; 

velocity sensitivity of hot-film sensor 
[V s/ft]; 
temperature sensitivity of hot-film sensor 

[VP1 I 
local average temperature at a point 
[“FJ : 
wall temperature [“F] 
centerline temperature [“F] ; 
friction temperature, T* = q,/pc,U*: 

temperature difference that the hot-film 

* Present address: Westinghouse Nuclear Energy Systems, 
PWR Division, Monroeville, Pa. 15146, U.S.A. 

sensor is operating above the ambient 

temperature for a given AR, [OF]; 

8i, tensor notation for average velocity, 0, 

(axial), 0 (radial), u+ (azimuthal) [ft/s]; 

UI, tensor notation for fluctuating velocity 
components, u: (axial), ui (radial), u& 

(azimuthal) [ft/s]; 

J(C) JGT,, root-mean-square of fluctuating 
velocity components [ft/s]; 
turbulent axial-radial velocity correla- 

tion [ftz/s2]; 
radial turbulent velocity-temperature 

correlation [ft”F/s]; 
axial turbulent velocity-temperature 
correlation [ft”F/s]; 
bulk velocity [ft/s]; 

friction velocity, U* = U,J(f/2) [ft/s]; 
effective cooling velocity for hot-film 
sensors [ft/s]; 
tensor notation for radial coordinates 

7 r, [ftl I 
hot-film sensitivity ratio, 

X =$‘[‘Fs/ft]: 
0 

distance from pipe wall [ft]; 
thermal diffusivity [ft2/h]; 
dissipation of turbulent kinetic energy 
per unit mass [ft’/h]; 
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dimensionless distance from wall; 
turbulent temperature fluctuation [“F]: 

J(F)> root-mean square of turbulent tempera- 
ture fluctuation PF] : 

IF, kinematic viscosity [ft’/h]: 

6 density [lbm/ft3]: 

tbw* wall shear stress [lbf/ft2] : 
I time average. 

I. tNTKODlJCTION 

TAE 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 liquid 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 ~artinelli [I], 
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 ~uctuatin~ 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. 
i.e. production of turbulence, turbulent convec- 
tion. dissipation, and turbulent diffusion. Moreover, 
due to symmetry, the equations for this ilow 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 [S]. The Reynolds 

equation for fully developed, steady pipe flow is 

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

pipe 

In addition to the turbulent heat and l~lomentum 
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 

?Z D dU>_L D ld 
2 U”” dr 

/ j-@-w& 
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The i: in equation (3) represents the dissipation 01 

turbulent kinetic energy while the first term repre- 
sen ts 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 (l)-(3) can be measured. In this study ali 
terms except the second term in equation (3) were 
measured. 

Il. EXPERIMENTAL SYSTEM 

A. Neat transfir imp 
The flow system used in this study, shown in Fig. I? 

was an especially-built heat transfer loop designed 
to accommodate liquids to temperatures of 200°F 
and pressures of 300 psi,. 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 chitled water supply in 
an adjoining laboratory. 

‘The primary system was constructed from I$in. 
and 1 in. Schedule IO, 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 65diameter entrance length for 
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Fip. 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 through 
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 106. 
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 
orifice meter and either a 60in. (low flow rates) or a 
30in. (high flows) well-type manometer which was 

readable to the nearest 001 in. Mercury circulation 

was provided by a Goulds Model 3196~STD-Group 

M-1-1$-13 stainless steel pump whose capacity was 

25 gpm at 46 ft. The filter used was a Cuno Engineer- 
ing Company, Model TGlGH151802-l-SA, full-flow 
stainless steel filter with a 5-micron nominal, 25- 
micron, rating. Additional facility details are available 

in [6]. 

B. Hot$lm anemometer system 

A two-channel Thermo-Systems, Model 1050, 

constant-temperature hot-film anemometer system 
was used in this study. The system included two 

Mode1 1057 signal conditioners, zero suppression 
and amplifier circuits, and two Model 1040 tem- 
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 

adjustable up to 100 s and a frequency response down 
to 0.1 Hz (3 db point) at a time constant of 100 s. 

The instantaneous sum and difference of the two 
fluctuating voltage signals from the x-sensor probe 
were measured using a Thermo-Systems, Model 

1015C, random signal correlator. Turbulent velocity 
and temperature fluctuations were also recorded 
on a 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 lOOO- 

angstrom thick platinum film deposited around the 
outside of the cylinder. Quartz was then sputtered 

over the platinum film to electrically insulate it from 
the mercury. The active dimensions of the sensor 
were 0+X)2 in. 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 
(0.002in. dia, active length of 0.040 in.) but were 
inclined at 45” to the axis of the pipe. 



‘The anemometer bridge voltage can be represented 
as 

E = f(Ucj,, AT) (41 

where u,,, is the effective velocity for the sensor and 
AT is T, - T,. For a sensor placed normal to the mean 

flow direction, a,,, = 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 ;I sensor normal 

to the mean flow becomes 

where 

and 

S” = ;g_ 

The mean square of equation (5) now becomes 

16) 

(7) 

(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, p, S,, S,: and the unknowns, c, q, and 

p. 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 

equation (8) becomes 

M = X=q - 2Xu:o’. (IO) 

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 ;;i;” and v 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 veloctty 
sensitivity to overcome the large temperature fluotua- 
lions and temperature sensitivity of the sensor. :‘I 
similar procedure used to evaluate the x-sensor 
measurements in the temperature iarying flow S\ 
given in [CT-]. 

iii. RESULTS AND DISCUSSION 

The isothermal axtal componenr of the turbulcnr 

velocity fluctuations, J(q)/U*. was measured usmg 
both a single hot-film sensor and an x-sensor probe. 
All data were taken at a Reynolds number of approxi- 

mately 50 000 (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, arc 
shown in Fig. 2 with the liquid data oi Burchill 18.1 

(water), Cohen [9] (waterj, Gardner [lo] (mercury). 
and Patterson [l l] (organic solvent): and the au 
data of Laufer [I21 and Pate1 [i 31. 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 IO 

per cent below the single sensor measurements. are in 
better agreement with Laufer’s air data. 

The radial turbulent velocity intensity. l:(T!Ij,‘~. 
calculated from the measured x-sensor data. is shown 
in Fig. 3 together with Burchill‘s Cohcn’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 j” value of 
approximately 26-33. Laufer found his axial velocity 
fluctuations peaked at a J’ of approximately 21 
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 [I141 axial velocity intensities, measured 
in ethylene glycol at a Reynolds number of 6000. 
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o-Present data, single sensor 

x- Present data. X-sensor 

+-Gardner. mercury 

v- Burchill, water 

O- Patterson, orgon,c solvent 

D-Cohen, water 
b- Laufer. air 

a-Potel, oir 

o-2 o-4 0.6 0.6 I.0 

Y/R, 

Ro. 2. Single sensor and x-sensor axial turbulent velocity 
fluctuations at Re = 50000. 

x 
x 

0 

1.0 -:I::_: 
. 

0-5 - A Laufer, air 
x Cohen, water 
0 Burchill, water 

I I I I I I 
o-2 0.4 0.6 0.8 I.0 

Y/R0 5 

FE. 3. X-sensor radial turbulent velocity fluctuations at 
Re = 50000. 

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 axial 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 turbulent shear 

Ltrcss, 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 receive energy from the 

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 creates 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 

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. 

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 previously 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 
were larger than the predicted turbulent shear stress 
curve in the wall region, a tendency also observed by 
Laufer and Sandbom [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 KBrmBn’s [16] velocity 
profile to calculate an average fluid velocity across 
the projected sensor length. The resulting velocity 
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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Turbulent shear stress data 
l Present mercury data 
X Cohen 
0 Burchlll 
A Laufer 

;--Viscous x 

xxx 
l \ 

x Y 
9 

‘A_ -_ I , x 

0.2 04 06 O-E ;0 

Y'RC F 

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 
J(T) 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- 

0 Present doto 
A Laufer. air 

FIG. 5. Production and dissipation of turbulent klnetlc 
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 
a rapid response thermocouple. The data are presented 

as 

J(p)(Tw - T,) _ 
T*Z 

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 J(p). F’g 1 ure 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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0 Present data 

x Hochreiter, NaK. Re-56900 

A Hochreiter , NaK, Re- 41500 

Y /Ro c 

FIG. 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 ;;i;8i correla- 

tion, was also measured at a Reynolds number of 
50000 with a wall heat flux of 3820 Btu/hft*. The 
v 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. Higher sensor overheats were there- 
fore used in an attempt to increase the velocity 
sensitivity. Although this mode of operation helped 
to some extent, the sensor’s output was still strongly 
influenced by the large temperature fluctuations in 

the flow, which resulted in positive values of p 
being calculated from equation (10). 

An analysis was performed on the data to determine 
the likely errors in ;;i;8i using the Kovasznay method. 
Since sensor calibrations were reproducible, and 
there was very little error in the power law fit to the 
calibration data; all the error in the Kovasznay 
method was assumed to result from fitting equation 

(10) with a least-squares parabola. The calculated 

error in the 0 data was found to be approximately 

40 per cent. 
The measured values of ;;I;Bi are shown in Fig. 7 

along with Kudva’s ethylene glycol data, Bremhorst 
and Bullock’s [Zl] air data, and Burchill’s water 
data. The mercury data are seen to be opposite in 
sign from the other data over most of the flow. Only 

-30 

i 

. Kudva, glycol, Re-6000 

. Burchlll. water 
-25 

. x Bremhorst and Bullock, olr 

. Present mercury data 

Y/R, c 

FI$. 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 
heat, giving rise to an expected -i;7;8i correlation. 
Arya’s ;7;8i data for a cooled boundary layer showed 
a positive value which is in agreement with this simple 

transport approach. 
Since the present g results displayed the opposite 

sign, it was thought they were erroneous. However, 
recent q measurements in air by Connor [22] 
indicate that this particular turbulent parameter 
is very sensitive to the amount of free convection 
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 v 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. 

l Present data 

0 Burchlll. water 

Y/R? F 

FIG. 8. Turbulent radial heat flux measurements at 
Rr = 50000. 

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 v, 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, = 0.2, 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 
m distribution appears to be influenced more by 
the turbulent temperature fluctuations than by the 
radial velocity fluctuations. 

Flc. 9. ‘Turbulent radial heat flux balance. 

I The magnitude of ~~0’ is smaller than uYj’ 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, pc,u:o’. When his analysis 

IS applied to fully-developed pipe flow. it can be 
shown that the v correlation is only enhanced 

through interaction with the mean temperature field 
while the ;;i;es correlation is “produced” by inter- 

actions with both the mean velocity and temperature 
fields. Therefor, q is favored by the mean flow and 
should be larger than u,0. 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 m data trends 

than in the v data. 
Considering an energy balance on a cylindrical 

shell of fluid, equation (2) can be rewritten as 

I 

PC, (11) 

0 

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

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 0.1-0.5. Since this is physically 
impossible, the measured values of v are apparently 
twice as large at y/R0 = 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 @-’ becomes suspect. 

- The same problems that plagued the u,0’ measure- 
ments (poor velocity sensitivity, large temperature 
sensitivity, and very large temperature fluctuations) 
affected the ~ 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 v trends also show that the conduction :_ans- 
port can be as large as the convection transport in the 
turbulent core region. The small value of q at the 
center is due to the small production of fl at the 
center and the small ,,/(v) and J(p) intensities in 
that region. 

The present v 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 sH; therefore, 
q 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 

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 
50 000. 

The heated measurements indicated different trends 
from other heated data and are more difficult to inter- 
pret. While the t&bulent 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 P&let 
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 METAI. 
LIQUIDE DANS UN TUBE 

R&urn6 -On itudie a l‘aide d’un animomitre g liim chaud I’Ccoulement du mercure dans un tube. avec 
ou sans transfert de chaleur. g un nombre de Revnolds de 50.000. On rkalise une section de mesure chauffee B 
tin flux constant de 12044 W/m’ pour un diamitre de 3,64 cm. 

Les mesures de fluctuation de vitesse axiale dans I’kouiement isotherme sont faites avec des Jauges g film 
chaud B Gments simple? ou croistk. L’accord g&n&al avec les r&sultats correspondant au cas de I’air 
indique que I’Ccoulement turhulcnr du mercure est semblable g celui des autres fluides. La production et la 
dissipation de I’ttnergie cinktique rul-bulcnte sont calculees a partir des rtsultats des mesures et s’accordent 
avec les rtsultats de Laufer pour i’air. 

Les fluctuations de temptrature mesurtes avec I’anCmomktre b film chaud utilis6 en rttsistance thermo- 
mt?trique, s’accordent avec les rtsultats des autres techniques de mesure. 

Le flux thermique axial turbuient (pep ;T;P? et le flux thermique radial (pcP J;B? sont mesurks a l‘aide 
des sondes B film chaud simples et crokes- -avec une mkthode de Kovasznay moditi&e pour &parer les 
sensibilitk 21 la temptrature et & la vitesse. La comblnaison de la sensibilitk assez faible a la vitesse et de >d 
grande sensibilitt & la tempkature. et I’existence d’une convection naturelle axiale surajoutk ont pour 
Gsultat une incertitude cur <P. Les valeurs mesurees de TN swt inhabituellement &levees dans la region 

de la paroi mais leu transports convectif et conductif sont presque tgaux. 

TURBULENTE STRUKTUR ISOTHERMER UND NICHTISOTHERMER 
ROHRSTROMUNG VON FLtjSSIG- METALL 

Zusammenfassung-Die Struktur einer voll entwickelten Quecksilber-Rohrstrimung, mit und ohnc 
Wlrmeiibertragung, wurde bei Reynolds-Zahlen von 50000 untersucht mit Hilfe eines Heissiilmanemo- 
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meters. Quermessungen wurden durchgefiihrt in einem senkrechten, beheizten Testabschnitt von 36.4 mm 
Durchmesser bei einem konstanten Wiirmestrom durch die Wand von 1,2 W/cm’. Die Messungen der 
Azialgeschwindigkeit der turbulenten isothermen Rohr-Striimung wurden sowohl mit einer x- Sonde als 
such mit Einzelsonden gemacht. 

Die Radialgeschwindigkeit und die Schubspannung der turbulenten Strijmung wurde ebenfalls mit 
einer x- Sonde gemessen. Allgemein stimmen die Geschwindigkeitsmessungen mit Messungen in Luft 
iiberein und zeigen, dass die Struktur der turbulenten Quecksilberstrijmung mit der anderer Fliissigkeiten 
vergleichbar ist. Entstehung und Auflijsung der turbulenten kinetischen Energie wurden aus Einzelsonden 
und x- Sonden Daten berechnet und stimmen gut mit den Daten fiir Luft nach Laufer tiberein. Die 
Temperatur der turbulenten Striimung, gemessen mit einem Heissfilmanemometer und einem Wider- 
standsthermometer, stim=mit den Ergebnissen aus anderen Messmethoden gut tiberein. Der turbulente 
axiale Warmestrom, pc,u’8’ und der turbulente radiale Warmestrom, pcpu:O’ wurde ebenfalls mit Einzel- 
und x- Heissfilmsonden gemessen unter Beniitzung einer modifizierten Kovasznay -Methode, urn die 
Temperatur-und Geschwindigkeitsempfndlichkeiten zu trennen. 

Die Kombination einer geringen Geschwindigkeits- mit einer grossen Temperaturempfindlichkeit und 
7 

die Lberlagerung drr axialen Konvektion liefem streuende Werte fur m Die gemessenen Werte fiir u,O 
wurden in Wandnghe ungewohnlich gross, zeigen aber, dass Konvektions- und Leitungsanteil in der Mitte 

des turbulenten Gebiets fast gleich sind. 

TYPBYJIEHTHAH CTPYHTYPA M30TEPMBYECHOI’O I4 
HEB30TEPMMrlECKOP0 TE”IEHkIm IBMAKOI’O METAJUIA B TPYBE 

AaHoTaqm-c nOMO~bI0 IIJIeHOYHOrO TepMOaHeMOMeTpa IlCCJIeAOBaJIaCb CTpyKTypa non- 

HOCTbK) p33BHTOrO TeYeHIIR PTyTH B Tpy6e npll HWIBYlllZ II OTCyTCTBHll nepeHOC3 TenJIa H 

YyIcJIe PetiHOJrbflCa, paBHOM 50000. t'f3MepeHHJ-i npOBO@fnHCb nOnKpeK BepTHKaJIbHOrO 

HarpeBaeMoroOnbITHOrOyYaCTKa~I4aMeTpOM 1,434 ,QIOtiManpllIIOCTOriHHOM TenHOBOM nOTOKe 

Ha cTeHKe,pamoM 3820 BTE/sac @ST'. 

t'i3MepeHI?rl Typ6yJIeHTHbIX KOJIe6aHHti CKOpOCTH BAOJIb OCH npll n3OTepMHYeCKOM Te'IeHHB 

B Tpy6e IIpOM3BO~JWIJ4Cb C nOMOIIJbH) IIJIeHOYHOrO 3OHAa C X-AaTYl4KOM, a TaKlfCe 3OHAOM C 

eA$IHllYHbIM ,QaTYHKOM. c nOMO~bI0 X-AaTYHKa I43MepHJIItCb TaKX(e PIHTeHCBBHOCTb paEllaJIb- 

HEJX Typ6yJIeHTHbIX Kone6aHdi CKOPOCTH II Typ6yJIeHTHOe KaCaTeJIbHOe Hanpaxreme. 

06qee COBnaAeHLle pe3yJIbTaTOB C COOTBeTCTByIOIl(IiMI4 I43MepeHIJHMH, BbInOJIHeHHbIMPi B 

BO3JJyXe, yKa3bIBaeT Ha TO, YTO Typ6yJIeHTHaH CTpyKTypa CKOpOCTH TeYeHIfFI pTyTH aHa- 

JIOrllYHa TeYeHIIRM HpyrJiX EQl~KOCTHti. BennYma II @CCHna~HEI Typ6yneHTHOti KHHeTH- 

Yecuoti meprm paccY~TbIsanmb no AaHmm eAminYHor0 AaTYnKa si x-AaTYKKa. HaPRewo, 

YTO pe3yJIbTaTbI 6n143Ko COrJIaCyIOTCfI C AaHHbIMH aay@epa AJIFI B03RyXa. 

HafineHo,YTO Typ6yJIeHTHbIe Kone6awm TeMnepaTypbI,M3MepeHHHe c noMoIgbIo meHoY- 

HOrO TepMOaHeMOMeTpa, RCnOJIb3yeMOrO B KaYeCTBe TepMOMeTpa COnpOTHBJIeHHH, COrna- 

CyH)TCH C pe3yJIbTaTaMH, nOJIyYeHHbIMI4 ApyrllMH M3MepPITeJlbHbIMH MeTOgaMa. 

Typ6yneHTHbIilTenJIOBOti nOTOK BAOJIb OCll~C,U'8'IITYp6y~eHTHbl~p3~~aJIbHbI~TennOeOB 

nOTOK &,U,'f TaKH(e I43MepHJIHCb TepM030HJ(aMM C ej@IHHYHbIM AaTYRKOM II X-AaTWKOM 

MOA@H~HpOBaHHbIM MeTOAOM KOBaHcHOrO AJIFl pa3AeJIbHOrO OIIpeAeneHtIH TeMnepaTypbI II 

CKOpOCTI?. B pe3yJIbTaTe OTHOCHTeJIbHO cna6oti YyBCTBUTenbHOCTH K CKOPOCTH II 6OzbmOik 

YyBCTBIJTeJIbHOCTLI K TeMnepaType II HaJIOHEeHIIH aKCI4aJIbHOfi CB060~~0ti KOHBeKqllll 

nonyYeHbI HeonpeReneHHbIe 3HaYeHm u,'8'. IIpH n3MepeHm nonyyeabr HeoBbIYHo 6o.mbmae 

3HaYeHBRU,'& B npMCTeHOYHOl% obnacnl, KOTOpbIe yKa3bIBaFOT Ha TO, YTO B 30He Typ6yJ(eHT- 

HOI'0 EIApa KOHBeHTHBHbItt k7 KOHA-fKTHBHbIti IIepeHOc nOYTH OAIIHaKOlV.1. 


