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Abstract—To determine the thermal conditions for certain LMFBR components it is often more convenient
and economic to use simulant fluids. Important in translating such measurements to sodium temperatures
are any differences in the turbulent Prandtl numbers. In this study the sodium eddy diffusivity of heat has
been measured in the central region of a circular duct. The technique used, that of injecting heat along the
duct centreline, is considered more suitable for such measurements than conventional methods. From the
measurements of ¢y, values of Pr; were evaluated over a Reynolds number range of 3 x 10*-1.2 x 10°.

NOMENCLATURE

¢, fluid specific heat;

£ Fanning friction factor;

0, point heat source strength;

g, local radial heat flux;

R, distance from point heat source;

r, radial co-ordinate;

Tos duct radius;

T, fluid temperature;

u, axial velocity ;

X, axial co-ordinate;

x*,  intercept on x-axis (Fig. 1);

X, see Fig. 1;

o, fluid thermal diffusivity ;

& eddy diffusivity;

v, fluid kinematic viscosity;

0, fluid density;

Pry, turbulent Prandtl number, ¢,/zy.
Subscripts

B, inlet;

H, heat;

M, momentum;

0, centre-line;

T, total.

INTRODUCTION

THE eDDY diffusivity of heat in low Prandtl number
fluids has been the source of much discussion ever
since experimental liquid metal heat transfer measure-
ments consistently fell below theoretical predictions.
Applied to conventional sodium heat transfer con-
ditions in LMFBR’s the discrepancies are of academic
interest since the temperature differences are small.
This combined with the potential influence of other
factors, notably that of natural convection at low
Peclet numbers, has tended to reduce the need for any
greater understanding of the turbulent heat transfer
contribution. There are, however, some non-
conventional heat transport features related to certain
LMFBR components for which information on the
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eddy diffusivity of heat is important. Two typical
examples are:
1. The heat transfer between the sub-channels of a
gridded fuel element cluster which alleviates tem-
perature hot spots caused by the various tolerances.
The fluctuating temperature field produced in the
plenum downstream of the core. The eddies pro-
ducing the fluctuations interact thermally with the
bulk flow to ameliorate the temperature
fluctuations.
Both of the above examples can be studied exten-
sively with simulant fluids, e.g. air or water, to obtain
data in good geometrical representations of the
reactor. The problem remains, however, of translating
these measurements into sodium temperature con-
ditions. An essential aid to this process are the
differences between the turbulent Prandtl numbers
(Pry)in the simulant fluid and sodium. The objective of
the present experiment is to obtain Pr; for sodium.
The applications noted above deal with conditions
in the central region of a flow channel and not with
wall effects. Consequently the experiment described
purports to measure the sodium eddy diffusivity of
heat in the central region (r/r, < 0.5) of a circular duct.
Previously Sheriff and O’Kane [ 1] reported early data
at a Reynolds number of 8 x 10%; this paper presents
the completion of the study and covers a Reynolds
number range of 3 x 10*-1.20 x 10°. Whilst the basic
measurements made are of the eddy diffusivity of heat
(eg), the data is finally expressed as Pry.

EXPERIMENTAL METHOD

In the experimental studies of the eddy diffusivity of
heat in liquid metals the normal method used has been
to measure the temperature distribution within the
fluid of a circular duct with heat input at the wall. The
eddy diffusivity of heat is then obtained from the
equation defining &

q

a7
— = (o + eg)—.
p-c dr
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One experimental difficulty with this method is
ensuring that the temperature profile is fully de-
veloped, particularly if values of ¢y in the central
region are required. Simple slug flow calculations can
indicate the duct lengths required to establish the
temperature profile, and as Isakoff and Drew [2]
demonstrated experimentally these lengths can be
large. An additional complication for &y determi-
nations in the central duct region, where the main
interest lies in the present study, is that the measured
temperature differences are small.

Because of the above disadvantages an alternative
experimental method was sought. The one chosen
stems from the empirical fact that velocity profiles can
be satisfactorily correlated if a constant value of g, 1s
used in the central region (r/r, < 0.5) of the duct. This
has been shown by Hinze [3] in examining experimen-
tal data, and more recently by Quarmby and Anand
[4] and Brinkworth and Smith [5]. Basically the
method consists of supplying a continuous source of
heat in the central region of a fully developed turbulent
pipe flow and measuring the temperature distribution
downstream of the source. This is an adaptation of the
continuous source technique used to measure the eddy
diffusivity mass, and for the present study has the
major advantage that the temperature differences
measured in the central duct region can be made
sufficiently large to minimise experimental inaccu-
racies. The basic equation for the temperature fieid ofa
continuous point source of heat in a fluid with constant
velocity U in an infinite field was first derived by
Wilson [6] and is given by

Q exp{— UR “5}].(1)

AT =T - Ty =
8 4rarRpc

With regard to the present work it is important to note
that the assumptions made in the derivation of equa-
tion (1) are:

{a) A uniform thermal diffusivity

{b) A point source of heat

(¢) A constant velocity

{d) No confining boundaries, i.¢. an infinite field.

Where the experiment was thought to deviate
significantly from these assumptions check tests were
carried out; these are given in some detail by Sheriff
and O’Kane [1]. Furthermore in that earlier paper it
was established that the axial distribution of the peak
temperatures gave the most satisfactory method for
evaluating the total thermal diffusivity.

Along the axis of the tube R = x and equation (1)
reduces to

Q

ATy = ———.
4npcorx

2
Thus a plot of Q/AT, against x should result in a
straight line passing through the origin.

However it is found that a plot of Q/AT,; against x
does not become linear until some way from the
injection position x = 0 and that the straight line has
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F16. 1. Representation of axial temperature distribution,

an intercept x* with the x-axis.

This is because the conditions for equation (2) are
not strictly valid at short diffusion times represented
by distances close to the injector. It has been shown [3]
that for short diffusion times the diffusivity ¢ 1s a
function of time and that only at long diffusion times
will ¢ and thus «; become constant.

Thus a plot of Q/AT, against x does not become
linear until x = x,, where x, is assessed from experim-
ental results and the relevant equation for x > x, i

0

ATg= 2
® " dmpcor(x — x*) ¥

—
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(A representation of x, and x* is shown in Fig. 1)

From the slope of the graph of Q/AT, against x the
total thermal diffusivity (xr) is obtained, and sub-
sequently ¢y can be evaluated from ey = ar — o.

DESCRIPTION OF RIG AND TEST SECTION

The eddy diffusivity rig forms part of a large sodium
facility [7] in the Risley Nuclear Laboratories. The
main facility contains the sodium pumps and purifi-
cation equipment and provides a supply of sodium at
200-300°C to the eddy diffusivity rig.

A simplified flow diagram of the eddy diffusivity
experiment is shown in Fig. 2. The majority of the flow
from the main sodium facility passes into the test
section directly but a small proportion is preheated to
about 600°C before entering the test channel through
the injector.

The test section, Fig. 3, is an 8.23cm LD. stainless
steel pipe, 150 cm long into which the injector and
traversing heads are installed. The test section is
preceded by a 25 diameter flow straightening length.

The injector, Fig. 4, is of a double tube construction
with the sodium flow in the inner tube. The interspace
between the tubes is capable of being evacuated to
minimise heat losses along the 25cm length of the
injector. An aerofoil shaped spider supports and
centralises the injector in the test section so that the
injector is concentric with the axis of the test section
within a 0.125 mm dia tolerance zone along its length.

The traversing heads containing the traversing
thermocouples are located at eight axial positions
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F1G. 4. Injector tube arrangement.

downstream from the injector outlet at distances from
6.2 to 101.2 cm as shown in Fig. 3. Traversing at three
positions, 11.2, 21.2 and 41.2 cm was available in two
directions at right angles to check the symmetry of the
temperature profile..

Each traversing head contains two 0.5 mm mineral
insulated stainless steel sheathed chromel-alumel
thermocouples. The thermocouples pass down the
bore of an 0.32 cm hypodermic tube which is held
within the main 2.5 cm barrel of the traversing head by
3 convoluted bellows in series. The hypodermic probe
carrying the thermocouples can either be fully re-
tracted from the test section or traversed in 0.1 mm
steps across a diameter of the test section.

Thermocouples were spot welded onto the outer
surface of the test section circumferentially and along
its length and also on the outer barrels of the traversing
heads. The test section and traversing heads could thus
be maintained at the nominal sodium inlet tempera-
ture by adjusting the variac supplies to the test section
trace heating.

Upstream of the injector to measure the sodium
inlet temperature to the main channel a platinum
resistance sensor and an 0.5mm chromel-alumel
mineral insulated reference thermocouple are installed
in pockets. The injector temperature is measured with
a 1 mm dia platinum-platinum 13%; rhodium thermo-
couple inserted into the inner tube of the injector as
shown in Fig. 4.

INSTRUMENTATION

The traversing thermocouples are connected into
chromel-alumel terminal blocks connected to the cold
end of the hypodermic traversing strut. From these
terminal blocks compensating leads are run to the
reference junction. The reference junction which en-
closed the switching system was an oil bath maintained
at a nominal 50°C to with 0.01°C by a Tecam
Tempunit.* The platinum—platinum Rhodium thermo-
couple did not have compensating cable and was
brought directly to the reference junction. The thermo-

* Techne Cambridge Ltd, Duxford, Cambridge.
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Table 1. Eddy diffusivities from axial distributions

Total

Sodium diffusivity

Reynolds Prandtl oy
number number (107 m?/s)
3x 104 72x107° 66.3 + 38
4x 100 72x1073 86.5 + 34
6 x 10*  72x 1073 957+ 2.5
8 x 10* 72x107° 112 + 3.8
Ix10°  71x107? 124 + 50

12x 105 7. 151 +29

couples were then routed to a Solartron* type LM
1402 digital voltmeter and Clairy* printer. The data
transfer unit was connected such that the first five
points read flowmeter outputs, sodium inlet tempera-
ture and injector temperature. The remaining fifteen
points were then wired so that 15 readings of a selected
traversing thermocouple were obtained thus ensuring
a good time average of the fluctuating signals as-
sociated with the traversing thermocouples.

EXPERIMENTAL RESULTS

Using the optimum experimental conditions estab-
lished by Sheriff and O’Kane [ 1] measurements of the
total diffusivity were made in the Reynolds number
range 3 x 10*-1.2 x 10°. These values are tabulated
in Table 1 where the results from the axial temperature
profiles, see typically Fig. 5, have been used. The
maximum temperature at each axial position was
found from radial traverses (Fig. 6).

From the total diffusivities it is possible to evaluate
the eddy diffusivity of heat and hence the ratio zy/o.
The latter is shown in Fig. 7 as a function of Reynolds
number.

DISCUSSION

The first reported data of measured eddy
diffusivities of heat in sodium were by Borishannskii et
al. [8] at a fluid temperature where Pr = 7.5 x 107 3,
Using the conventional method with a heat flux at the
wall they derived g from temperature traverses ; their
values at the pipe centre line are shown in Fig. 7 for
comparison with the curve representing the present
measurements. The agreement is not good, but closer
examination of the data used indicates that in the
central pipe region (0 < r/r, < 0.5) the total tempera-
ture differences was only ~1°C. Accurate measure-
ment of such small temperature differences is difficult
in sodium and this could be a contributory factor to
the differences from the present measurements. A
further qualification to be noted is that fully developed
temperature profiles, particularly in the pipe central
region, may not have been achieved in the short test
section (L/D ~ 32). This latter point is given extra

*Solartron  Electrical Group Ltd, Farnborough,

Hampshire.
+ Clairy Ltd, Welling, Kent.

Eddy

diffusivity
).'"

(10 °m?/s) epla Pr,

0+38 0+ 006 s
19.5 + 34 029+ 0.5 1.96
28.6 + 2.5 043 + 0.04 1.85
448 + 3.8 0.67 + 0.06 1.54
57.1 +£50 0.85 + 0.08 145
741 +29 1.11 4+ 0.05 1.35

foundation from the observations that the assessed
overall heat transfer coefficients are greater than
Martinelli’s predictions.

The only other measurements made in sodium are
those of Fuchs [19] ata Pr ~ 7 x 1072 Hereagain the
values of ¢ were obtained from temperature traverses
in a pipe with a wall heat input, but in this case there is
a much better agreement with the present data. The
mean values between r/r, = 0t0 0.5 areshownin Fig. 7
together with the estimated uncertainty in the
measurements. Noting the uncertainty in the present
data (sec Table 1) it is seen that the present results and
those of Fuchs are in excellent agreement.

To evaluate the turbulent Prandtl number the
magnitude of ¢, is required in addition to the mea-
sured ¢y, For the central region of the pipe the
expression given by Hinze [3], £,/v = 0.035,/(f/2), is
representative of most current measurements and has
been used here. With this value Pr; is shown in Fig. 8
as a function of the Reynolds number. Below Re =
4 x 10* the value of Pr; increases rapidly to infinity
since ¢ — 0 at Re = 3 x 10% This is not a very
important region for sodium heat transfer since the
value of ¢y is less than 25%; of the thermal diffusivity of
sodium.

Although there is a distinct trend for Pry to decrease
with increasing Reynolds number, within the limits of

Re = 8x10° i

12x 10

10+
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FiG. 5. Typical axial temperature distribution.
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the present experiment it is always greater than unity.
This is to be compared with values for air which are
consistently less than unity, despite the variations
reported which give a range from 0.8 to 1.0. Since air is
often used as a simulant fluid to represent sodium
thermal-hydraulic conditions away from the walls in
scaled reactor models, these differences must be con-
sidered and corrections made. Even at high Reynolds
numbers it is possible that this will be necessary if a
high degree of accuracy is required. In practice it is
preferable to determine the correction factors from
experiments in both sodium and the simulant fluid
with the same geometrical configuration. For example
the present study was complementary to air measure-
ments of the turbulent Schmidt number [10] for the
evaluation of the necessary correction factor; a mass
transfer rather than heat transfer experiment was used
in a scaled air model of the reactor configuration. The
general application of the present results must be
approached tentatively since changes in configuration
could affect the values of Pr.

CONCLUSIONS

The main conclusions are:

(1) That the method of injecting hotter fluid on the
duct centre-line has proved to be a most satisfac-
tory way to measure ¢4 in the central region.

(2) The measured values of ¢, in sodium are in
excellent agreement with the most recent measure-
ments made by Fuchs.

(3) The sodium Pry is, unlike conventional fluids,
always greater than unity in the Reynolds number
range studied.

(4) Corrections factors will invariably be needed when

(3]

(o8]

t0.
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predicting sodium temperatures from measure-
ments in simulant fluids.
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MESURE DE LA DIFFUSIVITE TURBULENTE DE LA CHALEUR POUR
DU SODIUM DANS UNE CONDUITE CIRCULAIRE

Résumé— Pour déterminer des conditions thermiques dans des éléments de réacteur a neutrons rapides, on
utilise des fluides de simulation. Dans la transposition de telles mesures au cas du sodium on doit tenir
compte des différences dans les nombres de Prandtl. Dans cette étude on a mesuré la diffusivité thermique
turbulente dans la région centrale d’une conduite circulaire. La technique utilisée, d’injection de chaleur le
long de I'axe du tube, est considérée comme mieux adaptée que les méthodes conventionnelles. Des mesure de
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les valeurs de Pr; sont tirées dans un domaine de nombre de Reynolds compris entre 3 x 10%et 1,2 x 10°.

TURBULENTER SCHEINWARMELEITKOEFFIZIENT VON NATRIUM

Zusammenfassung — Um die thermischen Bedingungen fiir bestimmte Komponenten eines mit fliissigem
Metall gekiihiten Schnellen Briiters (LMFBR) festzulegen, ist es oft vorteilhafter und wirtschaftlicher,
Vergleichsfliissigkeiten zu verwenden. Wichtig beim Ubertragen solcher Messungen auf Natriumtempera-
turen sind Unterschiede in den turbulenten Prandtl-Zahlen. In dieser Untersuchung wurde der turbulente
Scheinwirmeleitkoeftizient von Natrium im Innern eines Kreisrohres gemessen. Die verwendete Methode,
die Wiirme entlang der Rohrmittellinie zuzufiihren, ist fiir solche Messungen geeigneter als herkémmliche
Methoden. Aus den Messungen von ¢ wurden iiber einen Reynolds-Zahlenbereich von 3 - 10% bis 1,2 - 10°
Prandtl-Zahlen Pr, berechnet.
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BUXPEBAS TEMIIEPATYPOIMMPOBOAHOCTbL HATPUA TMPU U3MEPEHHHU
TEMNJIOBOI'O MOTOKA B KOJIBIIEBOM KAHAIJIE

Annoramma — [115 onpeesieHHs TEIIOBLIX PEXXHMOB KOHTYPOB TETUIOHOCHTENS PEaKTOPOB 4acTo HoJlee
ya00HO ¥ IKOHOMHYHO HCTO/Ib30BATh MOAENbHEIE XHUAKOCTH. Ho npH 06001IeHUN Pe3y/IbTaATOB TAKHX
H3MepeHHil Ha Cy4ail HATPHEBOTO TEMJIOHOCHTENS HEOOXOAMMO YYHTHIBATH HECOOTBETCTBHE 3HAYEHMIt
TypbynenTHoro umciaa Ilpanarnsa. B Hacrosmei paboTe nenaeTcs nombITKa HENOCPEACTBEHHOrO
H3MEPEeHHs BHUXPEBOI TEMMNEPaTyPONpPOBOAHOCTH HATpus. U3MepeHMs NMPOBOMMIMCH B LEHTPAIbHOM
4aCcTH KOJIbLEBOro kaHana. [Toka3aHo, 4TO MCNOJBL30BaHHBIR B JAHHOM JKCIIEPHMEHTE METO] AKCHAJIb-
HOTO NMOJBOMA TEIJIa NPH TAKHX M3IMEPCHHAX ABJIACTCA Gosiece MPUrOAHBIM, 4eM OOBIYHO NMPHMEHsSEMble
MeToabl. [lo pesynbTatam u3MepeHwmii £y paccudTaHbl 3HauseHHs Pr; B Anana3zoHe 4ucesn PeiiHonbnaca
ot 3 x 10* g0 1,2 x 105
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