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Abstract—The paper presents the results of an extensive experimental study of heat transfer to NaK
flowing through unbaffled rod bundles (or banks).

In-line flow results are reported on nine different test rods located in the center of a 19-rod bundle. They
were obtained under conditions of fully established velocity and temperature profiles, and also under
entrance-region conditions. The results on the first five test rods were in fairly good agreement with theo-
retical predictions and with earlier results obtained on mercury; but those on the last four fell low in the
molecular-conduction (low-Péclet-number) regime. The lower the flow rate the lower the coefficients
fell, indicating the presence of an interface resistance which was quite sensitive to the flow rate. It was
concluded that the difficulty was due to less-than-perfect wetting of the heating surface, coupled with the
presence of inert seal gas at the heating surface. The oxygen concentration in the NaK was at all times
less than 25 ppm, which was far below the saturation level corresponding to the coldest part of the circula-
tion loop.

Results were also obtained for 90°-cross and 45°-oblique flows through rod bundles, for the condition
where only the test rod was heated and for that where all the rods were heated. Measurements were made
at several rod locations in the bank, and both rod-average and circumferentially local heat-transfer co-
efficients were obtained. .

The 90°-cross-flow results were in good agreement with previously published results on mercury, and
with predictions based upon the theoretical correlation of Hsu [21]. In the low Péclet region, the all-rods-
heated coefficients were appreciably higher than those for the condition where only the test rod was heated,
but the difference decreased as the flow rate increased.

The 45°-oblique-flow coefficients, falling lower than Hsu's [26, 27] theoretical prediction, were 75 per
cent of those for the 90°-cross-flow case.

The circumferential variation of the local normalized heat-transfer coefficient was found to be in-
dependent of flow rate, and the same for both 90°- and 45°-flow directions. Also, for both types of flow,
the circumferential surface temperature profile was that of a simple cosine function.

On the basis of the results obtained in the study, supported by previous theoretical and experimental
results, semi-empirical equations are proposed for predicting heat-transfer coefficients for both 90°- and
45°-cross flows for the condition where only the test rod is heated, and for that where all rods are heated.

NOMENCLATURE D 4(total cross-sectional flow area)
a, empirical constant in equation (7); e total wetted perimeter
also major axis of ellipse [ft]; [f];
b, minor axis of ellipse [ft]; ) E, complete elliptical integral of the
c, a constant defined by equation second kind, defined by equation
Cp specific heat [Btu/(Ib, degF)]; h, in-line-flow heat-transfer coef-
D, outside diameter of rods [ft]; ficient for a rod in the interior of
a bundle [Btu/(hft*degF)];
* This work was performed under the auspices of the he, “contact” heat-transfer coefficient
U.S. Atomic Energy Commission. [Btu/hft? degF)];
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in-line-flow heat-transfer coef-
ficient for a rod in the interior of
a bundle, in the molecular-con-
duction  heat-transfer regime
[Btu/(hft?degF)];

= qo/(t, s — t;), local cross-flow
heat-transfer coefficient at circum-
ferential angle 6 [ Btu/(h ft*degF)];
= go-/(tw, 00 — t), local cross-flow
heat-transfer coefficient at forward
stagnation point [ Btu/(hft* degF)];
= ggo:/(tw, 90 — 1), local cross-
flow heat-transfer coefficient at
6 = 90° [Btu/(hft?degF)];

= g/t,, s rod-average heat-trans-

fer coefficient in cross flow
[Btu/(hft*degF)];
= §g/ft, 45, rod-average heat-

transfer coefficient in 45°-cross

flow [Btu/(hft?degF)];

= gft, oo» TrOd-average heat-

transfer coefficient in 90°-cross

flow [Btu/(hft>degF)];

molecular thermal conductivity

[Btu/(hftdegF)];

thermal conductivity of copper

[Btu/(hftdegF)];

eddy thermal conductivity
[Btu/(hftdegF)];

distance along test element from

flow inlet [ft];

total heated length of test element

[fe];

distance along heated length of

test element from direction of

flow inlet [ft];

= hD,/k, in-line-flow Nusselt

number for a rod in the interior

of a bundle [dimensionless] ;

= h,,.D./k, in-line-flow Nusselt

number for a rod in the interior of

a bundle, in the molecular-con-

duction heat-transfer regime [di-

mensionless ] ;

= h,, yD/k, Nusselt number for

cross flow [dimensionless];

[Nulss,
[Nulsor,
P,

Pe,

[Pe:'v, frees

[Pe] v, Mmax»

Pr,
q09

qdo°»
990°»

q)r=r1’
q

iw, p

tw, 45°

= h,, 45-D/k, Nusselt number for

45°-cross flow [dimensionless];

= h,, go-D/k, Nusselt number for

90°-cross flow [dimensionless];

pitch, distance between rod centers

[ft];

= (Dv,pC,)/k, Péclet number for

in-line flow [dimensionless];

= (DvgeeepCp)/k, Péclet number

based on v, in cross flow [di-

mensionless];

= (DomaxpCp)/k, Péclet number

based on v,,, in cross flow [di-

mensionless];

= Cpu/k, Prandtl number [di-

mensionless];

local heat flux at angle 6 on the cir-

cumference of a rod [Btu/(hft?)];

local heat flux at forward stagna-

tion point on the circumference

of a rod [Btu/(hft?)];

local heat flux at 8 = 90° on the

circumference of a rod
[Btu/hft*)];

heat flux at r, [Btu/(hft?)];

rod-average value of g in cross flow

[Btu/(aft?)];

radial distance through rod sheath

[ft];

inside radius of rod sheath [ft];

= (D,v,p)/u, in-line-flow Reynolds

number [dimensionless];

sheath temperature at radius r

[°F];

bulk temperature of flowing NaK

at same distance through bundle

(or bank) as point at which ¢, is

measured [°F];

surface temperature of rod in

in-line flow [°F];

average circumferential surface

temperature of rod in cross flow

at any angle g [°F];

average circumferential surface

temperature of rod in 45°-cross

flow [°F];
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t,. 900 average circumferential surface
temperature of rod in 90°-cross
flow [°F];

tw. o local surface temperature of rod
at circumferential angle 6 [°F];

tw, 0% local surface temperature of rod
at forward stagnation point [°F};

Ly, 90 local surface temperature of rod
at circumferential angle of 90°
[°’F1;

U, average linear velocity of NakK
through bundle in in-line flow
[ft/h];

Ufrees average cross-flow stream velocity
without presence of rods [ft/h];

Urmaxs cross-flow velocity through rod
bank, based on the minimum
flow area [ft/h];

W, electrical energy delivered to test
element [W];

X, distance along the outside dia-
meter of the tube measured from
the forward stagnation point [ft].

Greek symbols

B, angle between axes of rods and the
direction of flow (see Fig. 18)
[degrees];

€ = k./pC,, eddy diffusivity of heat
[ft/h];

(199 eddy diffusivity for momentum
transfer [ft?/h];

0, circumferential angle measured
from the front stagnation point
(see Fig. 14) [degrees];

U dynamic viscosity [Ib,/(fth)];

v, kinematic viscosity [ft?/h];

P, density [1b,/ft3];

g, empirical constant defined by
equation (8);

D, hydrodynamic potential function;

¢, = @/v;,., unit hydrodynamic po-
tential function;

b1 unit velocity potential at the rear

stagnation point of a rod;
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v, effective average value of ratio
GH/GM'

1. INTRODUCTION

THis paper presents experimental heat-transfer
results obtained for the flow of NaK through
unbaffled rod bundles, where the direction of
flow with respect to the rods was of three
types: in-line, or parallel, flow; 90°-cross, or
perpendicular, flow; and 45°-cross, or oblique,
flow. Such information is pertinent to the
thermal design of cores and heat exchangers
for liquid—metal cooled nuclear power reactors.
The experiments were the first of their type
carried out in the U.S. with an alkali metal.

As far as the in-line-flow experiments are
concerned, previous investigations [1, 2, 3]
of this type were carried out at Brookhaven
with mercury, and the main purpose of the
present experiments was to see if the alkali-
metal results would agree with those obtained
on mercury.

The 90°-cross-flow investigation was carried
out for a similar reason. There had been two
previous experimental studies [4, 5] of this
type carried out at Brookhaven, with mercury.
But, whereas in those studies only the test
rod in the bundle was heated, in the present
one, data were taken first with only the test
rod heated and then with all rods heated, for
comparison.

The 45°-cross-flow study was done because
of its importance in the design of liquid-metal
shell-and-tube heat exchangers. On the shell
side of such exchangers, the liquid metal flows
across the tube bundle in all directions from
parallel to perpendicular. There are no experi-
mental results reported in the literature for the
45°~cross-flow case.

All of the heater rods used in this study were
the standard type of electrical-resistance heaters,
consisting of a central Nichrome heating coil,
electrically insulated from the outer sheath by
compressed MgO. The rate of heat generation
in the Nichrome coil was uniform with length,
and the coil was centrally located in the heater
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assembly. The in-line experiments were carried
out under the condition of uniform heat flux
in all directions. However, due to circum-
ferential flow in the copper sheaths, the heat
flux in the cross-flow experiments was not
uniform in the circumferential direction.

Because this is a long paper, the following
outline of it is given for the convenience of the
reader.
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2. LOOP OPERATION

The work was carried out in a loop facility
especially designed for single-phase alkali—
metal heat-transfer studies at temperatures up
to 900°F. The circuit was built of 23-in schedule
40 304 stainless steel pipe and was of all-welded

* This portion of the study was presented at the ASME-
AIChE Heat Transfer Conference as Paper No. 65-HT-11,
Los Angeles, Calif., August 8-11 (1965).
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construction. NaK recirculation rates of up to
150 g/m against a 42-ft head were obtainable
with an electrodynamic pump.

Besides the test section, the principal com-
ponents of the loop were two flowmeters, a
surge tank, a dump tank, and a finned air-
cooled heat exchanger. The surge tank, located
at the top of the loop, contained argon seal
gas and provided a 3-5 ft> NaK-argon interface.
Each cylinder of argon was analyzed for O,
and H, O before use, and only cylinders showing
less than 20 ppm of combined O, and H,O
were used. About 5 per cent of the flowing stream
passed through the surge tank. The finned air
cooler removed the energy added to the flowing
NaK in the test section and by the pump.

2.1. Oxygen control

The loop was charged by pressurizing the
dump tank while its contents were at room
temperature, the NaK flowing through a 10-u
micrometallic filter. This meant that the oxygen
content of the NaK in the loop could not be
above that corresponding to the saturation
value at room temperature. To reduce the
oxygen content below that, the contents of the
loop were circulated at a rate of about 2 g/m
through the hot trap which was filled with
titanium chips and held at a temperature of
1400°F. A standard plugging-valve indicator
was used to measure the oxygen concentration
and at no time during the course of the investiga-
tion was the plugging temperature in excess of
250°F, which corresponds to an oxygen content
of about 25 ppm. This meant that the oxygen
content of the NaK circulating in the loop was
at all points and at all times far below saturation
levels.

2.2. Flow rates

These were measured with venturi and electro-
magnetic flowmeters, both of which were pre-
viously calibrated. The latter had a wider
operating range. In the flow range where both
meters were applicable, they agreed to within
2 per cent.
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Table 1. Rod bundle measurements, and scope of experimental studies

Bundle (or bank) measurements

In-line test section

90°-cross-flow test section

45°-cross-flow test section

1.

[« B I YN S ]

o0 -9

NV A WN -

Number of rods in bundie

. Outside diameter of rods [in]
. Shell cross-section

. Lattice geometry

. Pitch-to-diameter ratio

. Distance between end plates

[in]

. Length of rods between plates
. Length of rods between flow

nozzles [in}

. Total heated length [in]
. Equivalent diameter [ft]

Scope of study

. Prandtl number range

. Reynolds number range
. Péclet number range

. L/D, range

. Heat flux [Btu/(hft?)]

. Temperature range [°F]
. Flow direction

19

0:500

4:654-in-1.D. circle
equilatereal triangular
175

715

715
62:0

447
0-100

0-013-0-021
12000-92000
250-1200 (Dv,pC,/k)
12:4-42:4
18000-30000
275-650

vertically upward

63 (including unheated

-“half-rods” at wall)

0-500

7-in high x 6-125-in wide
equilateral triangular
1-75

700

700

675

0017
2350-20600
40-230 (D0pnay pC.,/K)

35000-60000
~400
horizontal

63 (including unheated
“half-rods” at wall)
0-500

7-in high x 6-125-in wide
equilateral triangular
175

700

9-90

9-65

0015
260023000
40-350 (DvypC k)

3000040000
~450
horizontal

3. IN-LINE FLOW

3.1. Test section

This consisted of a nineteen-rod bundle of
0-500-in rods having an equilateral triangular
spacing. The remaining statistics of the rod
bundle are given in Table 1.

All nineteen rods were electrically heated with
alternating current at voltages up to 220.
The central rod was the only one on which
data were taken. It is known [6] that the
thermal behavior of such a rod would be

the same as one in the interior of a much
larger bundle, i.e. no interfering effects from the
periphery of the bundle. The designs of the test
element and other rods were essentially the
same as those described in [2]. The surface
temperatures of the test elements were measured
by means of copper-sheathed Chromel-Alumel
thermocouples imbedded very slightly below
the surface, as described in [2]. Construction
details of the ten different test elements used in
the study are summarized in Table 2.

Table 2. Test element details

Test element  0-100-in sheath Underplate Overplate Thermocouple locations, L /D,

1 copper 0-0008-in Ni  0-0001-in Cr 27-4(1), 311 (2), 348 (2), 386 (2), 43-3(2)
2 copper — 0-0008-in Ni all at 386
3 copper — 0-0008-in Ni all at 386
S copper — 0-0008-in Ni all at 386
6 copper — 0-0008-in Ni 12:4, 161, 199, 23-6, 274, 31-2, 349, 38-6, 42:4
7 copper — 0-0008-in Ni all at 386
8 copper — 0-0008-in Ni 124,161, 199, 23-6, 27-4, 31-2, 349, 38-6, 424
9 nickel 0-0008-in Ni  0-0001-in Cu* all at 38-6

10 copper — 0-0008-in Ni all at 38-6

* The copper overplate on this element was tinned with mercury just prior to insertion into test section.



1538

To prevent bowing by thermal expansion,
the rods were free to slip through a bottom guide
sheet. The lower ends of the rods were electric-
ally grounded in a pool of NaK at the bottom
of the test section. This was accomplished by
welding a cap to the sheath and lower terminal
of each heater. The rods were cleaned with
butanol and wiped dry just prior to their
insertion in the test section. They were within
0-003 in of being perfectly straight.

3.2. Instrumentation

Bulk temperatures of the NaK entering and
leaving the test section were measured by
thermocouples grounded in thermowells. There
was one in each of the two branch lines leading
to and the two branch lines leading from, the
test section. In addition there were three in the
main line leading to, and three in the main
line leading from, the test section. These thermo-
couples, along with the nine on the test element,
were checked against each other while the NaK
was isothermally circulated in the loop at a
high flow rate. The average of the bulk-tempera-
ture thermocouples was chosen as a reference,
against which all the individual thermocouples
were calibrated. This checking of the thermo-
couples was done periodically with each test
element.

It was demonstrated that there was no
e.m.f. pickup by the thermocouples as a result
of any magnetic fields produced by the alternat-
ing current.

The high-precision K-wattmeters which were
used for measuring the power input to the test
elements, to the other eighteen rods, and to the
shell heaters were all calibrated before, and
frequently during, use.

3.3. Experimental procedure

Since the equivalent diameter of the test
section assembly was the same as the nominal
value for the bundle, the average velocity of
the NaK in the space between the bundle and
the shell was the same as that between the rods.
To heat the NaK flowing between the bundle

SHELDON KALISH and ORRINGTON E. DWYER

and the shell to the same extent as that flowing
between the rods, the power to the shell heaters
was carefully controlled. Those heaters were
embedded in Thermon heat-transfer cement
under a 4-in layer of high temperature insulation.

In a given run, the power required on the
shell heaters depended on the power level of
the internal heaters and on the heat loss from
the test section. Prior to making a run, the
heat balance could be closely estimated and the
proper settings determined for the shell heaters.
The estimated power requirements were gener-
ally within 5 per cent of the correct values. It
was found that the shell power level had an
effect on the measured heat-transfer coefficient.
For example, an excess of 5 per cent power on
the shell increased the coefficient by about
3 per cent; and this was independent of the
Péclet number. This is in general agreement
with results obtained previously at Brookhaven
with mercury [2].

Steady-state conditions were carefully estab-
lished before final data were taken. This required
from 1 to 5 h, depending upon the thermal
conditions of the loop at the time a run was
started.

The physical properties of NaK-44 used in
the calculations were taken from [7].

3.4. Theoretical considerations

There have been several analytical studies
[2, 8-11] carried out in recent years for the
case of heat transfer to liquid metals flowing
in-line through unbaffled rod bundles. All of
them were based on the conditions of uniform
heat flux and fully developed flow. Four of them
assumed an annulus model, (i.e. the coolant
flow area associated with each rod is bounded
by a circle instead of a hexagon) which is good
down to a P/D ratio of about 1'4. In the P/D
range of 1-4-1-75—that considered in the present
study—the heat-transfer correlations based upon
these studies are in rather good agreement.
Their differences result, for the most part, from
the methods used in determining the radial
velocity-profiles in the flowing liquid metal.
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Nimmo and Dwyer [3] showed that the two
correlations of [2] agreed well with heat-transfer
coefficients obtained with mercury. One cor-
relation was for the molecular-conduction
regime (at low Péclet numbers). It is

Nu,,. = =279 + 397(P/D) + 1-025(P/D)?
+ 31210g, Re — 0265 (log,o Re)*. (1)

The other was for the combined molecular-
conduction/eddy-conduction regime (at medium
and high Péclet numbers). It is

Nu = a + B[y Pe] )

where

o = 666 + 3-126 (P/D) + 1-184 (P/D)?

B = 00155

y = 0-86.
They evaluated the quantity Y(= eg/e)) by
the empirical equation

1-82
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when ¥ is taken as unity; curve B-B represents
equation (2), with ¥ evaluated by means of
equation (3); and curve C—C represents equa-
tion (1). The combination curve C-B-B therefore
represents the predicted Nu—Pe relationship in
the present case.

3.5. Experimental results

The results obtained on test elements 1, 2,
3, 5, and 6 are shown together in Fig. 1. Taken
together, the data points show appreciable
scatter. The average deviation from the dashed
lines is + 8 per cent; but, for a single element,
the average deviation was very much less. The
results from element 4 were omitted from Fig. 1
because they fell low and showed a large
circumferential temperature variation, which
was later found to be due to the fact that the
internal Nichrome heating wire was consider-
ably off-center.

g=1- 3) The coefficients were calculated by the equa-
Pres/V)as tion
proposed earlier by Dwyer [12]. 3413w @
Curve 4-4 in Fig. 1 represents equation (2), T aDLg(t, — &)
| A R N O L ALELELE B
PID=I1T75
L0, 2348
LD, 2266
Pr=0014-0-02|
25 4 =
= b=
20 —
s = A 3
- ¢ -
IS F A—-‘.;Q—éo-‘éio(»A PREDICTED CURVES .
- eckge .4 4 TEST -
r © ] SYMBOL ELEMENT TEMP,F |
o . i 450-530  —|
L o 2 450-530  _|
+ 3 300
B ' 5 280-400 T
77— a 6 300 —
! 1 [ S N N N A A | 1
102 2 3 4 5 6 78 910° 5 2
Pe

F1G. 1. Heat transfer to NaK flowing in-line through an unbaffled rod bundle
under conditions of uniform heat flux and fully established flow. The experi-
mental results are represented by dashed “dog-leg” curve.
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It is seen that both the experimental and
theoretical curves show the characteristic “‘dog-
leg” shape predicted earlier by Dwyer [12] and
observed by Maresca and Dwyer [2] and
Nimmo and Dwyer [3] with mercury. In the
lower half of the Péclet number range studied,
the experimental curve falls about 10 per cent
below the predicted curve, whereas in the upper
half it falls about 10 per cent above it. As a
result, the “knee” of the experimental curve
occurs at a Péclet number of 500 instead of the
- predicted 700. Thus, up to a Péclet number
of 500, or, in other words, up to a Reynolds
number of about 25000, the heat-transfer
coefficient is essentially constant, indicating
the absence of eddy transport in the heat-
transfer mechanism.

It is interesting to compare the results in
Fig. 1 with those recently [2, 3] published for
heat transfer to mercury under similar condi-
tions. At the lower end of the Péclet range,
the results in Fig. 1 agree very well with those
in [2] while at the higher end they fall about
10 per cent higher. At the lower end of the
Péclet range, the results in Fig. 1 fall about
15 per cent below those in [3], while at the higher
end they are in good agreement. Here, the
lower and higher ends of the Péclet range
represent the molecular-conduction and molecu-
lar-plus-eddy-conduction regimes, respectively.

In general, it can be concluded that the
present NaK results and the earlier mercury
ones are in moderately good agreement. The
slight differences that do exist appear to be
within the expected variations in results ob-
tained with liquid metals on different experi-
mental rigs. Moreover, the differences between
the present NaK results and either set of mercury
results [2, 3] is no greater than the differences
between the mercury results themselves.

There appears to be a strong tendency for
both the NaK and mercury Nusselt numbers
in the molecular-conduction regime to fall
about 10 per cent below the calculated curve.
It is suspected that this may be due to the
method of determining ¢, At low flow rates,

SHELDON KALISH and ORRINGTON E. DWYER

there is a relatively large temperature rise
through the test bundle, and a small consistent
error in determining t, would have a relatively
large effect on the temperature drop, i, — ¢,
Owing to the fact that these temperature drops
are small, it is estimated that only about a
1 degF error in t, could account for the dis-
crepancy between the predicted and experi-
mental curves in the molecular-conduction
regime.

Some test elements had the nine surface
thermocouples located at the same axial location
and 40° apart on the periphery. Others had
them strung out along their lengths. In the
former -case, the surface temperatures were
averaged; in the latter, only one temperature
reading was available, but Nu was taken from
a smooth curve drawn through the points on
a Nu vs. L plot. When the nine thermocouples
were located at the same axial location, the
average deviation of the nine temperatures
from the mean was only about 5-10 per cent
of the (£, — t,) difference.

The bulk temperature t, was calculated from
measured values of the inlet and outlet stream
temperatures, assuming that the heat fluxes
were axially uniform.

Test element 1 had a chromium electroplate,
while 2, 3, 5, and 6 had nickel electroplates.
There was no apparent difference in the heat-
transfer characteristics between the chromium
and nickel surfaces.

The results shown in Fig. 1 were taken over
the temperature range 280-530°F. There was
no observable effect of temperature.

3.5.1. Entrance effects. Test element 6, as
described in Table 2, had its nine thermocouples
strung out along its length. The results obtained
from these thermocouples are shown in Fig. 2.
It is seen that an entrance length of thirty-five
equivalent diameters was required to establish
fully developed heat-transfer coefficients. It
required this length to develop the velocity
profiles. The lengths required to develop tem-
perature profiles (with fully developed velocity
profiles) are only about one-third those required
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to establish fully developed velocity profiles [ 13].

Over the five-fold range of Reynolds number
which was employed, there was no discernible
effect of flow rate on the value of the L,/D,
ratio required to establish fully developed
flow. For the same flow channel, the value
of this ratio depends upon the type of inlet-flow
connection. In the present case, it was designed
to minimize inlet turbulence.

T =T 7T
T 17 }_’ 0 L, /IDs
28  TEST ELEMENT NO.6 24 42
P =75
26 Pr=005-002( 61 79 _|
24 199 117 _‘
236 154
s 22 244 192
< 312 229
20 349 267 1
{386 304
424 34-2
181 -
16 F —
14—
| | 1 | N I T | It
[ 2 3 4 5 6 78910 5
Pe x 1072

FiG. 2. Heat transfer to NaK flowing in-line through an

unbaffled rod bundle, under condition of uniform heat flux,

showing entrance-region effects. (The test results from
element 6 were very representative.)

The results shown in Fig. 2 are consistent
with those obtained by Maresca and Dwyer [2]
for mercury flowing through a similar rod
bundle. There, the size and spacing of the rods
were the same as in the present study, but the
bundle had only thirteen rods. This would have
required a shorter L,/D, ratio to establish
fully developed flow, and they reported a value
of 27-3. The value of the L /D, ratio to establish
fully developed flow is, of course, not a sharply
defined point. This also could account for some
of the discrepancy between the two studies.

The data points are omitted in Fig. 2 to
avoid cluttering up the plot. The average
deviation of the points from the curves shown
was about +3 per cent.

3.52. Drop in coefficients. About half way
through the study, the heat-transfer coefficients
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at the lower Péclet numbers suddenly fell
unexpectedly low. Those obtained with element
7 turned out to be very different from those
obtained with the previous elements. They
gave essentially a straight line relationship on
a Nu vs. Pe plot, which resulted in the Nusselt
numbers at the low end of the Péclet range
being well below the laminar-flow value.

The results on elements 8, 9, and 10 were in
general agreement with those on 7. They are
all shown in Fig. 3. Several months were spent
in an exhaustive attempt to find an explanation
for the apparent anomaly, without complete
success. It was proved that the difficulty was
not due to any of the following: (a) bowing of
rods, (b) change in general purity of the Nak,
(c) change in oxide content of the NakK, (d)
malfunctioning of thermocouples, (¢) malfunc-
tioning of instruments, (f) oxidation of the surface
metal, and (g) axial heat conduction.
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o TEST ELEMENT 8
o TEST ELEMENT 9
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FiG. 3. Heat transfer to NaK flowing in-line through an

unbaffled rod bundle, under conditions of uniform heat flux

and fully established flow. These results are low in the

molecular-conduction regime, due to a flow-dependent
thermal conductance at the wall.

The results in Fig. 3 show that, whatever
was causing the low results, it was greatly
affected by flow rate, for at the high end of the
Péclet range its influence was negligible. A
best-fit line was drawn through the points in
Fig. 3 and then used to calculate “contact”



1542

heat-transfer coefficients. The results are plotted
in Fig. 4 as reciprocal contact Nusselt number
vs. Reynolds number for an average Prandtl
number of 0-017. It is seen that the “‘contact”™
resistance decreased rapidly with flow rate,
becoming negligible at Re = 70000.
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FiG. 4. Effect of flow rate on thermal ‘‘contact” resistance
at surface of test element.

Subbotin and co-workers [14, 15] have
obtained curves similar to that in Fig. 4 for
mercury flowing through steel tubes, except
that the thermal contact resistances which
they measured were considerably higher than
those found here. They obtained their contact
resistances by measuring the wall temperature
and the radial temperature distribution across
the flowing stream.

The curve in Fig. 4 suggests some kind of
added resistance near the wall in the laminar
sublayer, or between the heating surface and
laminar sublayer. It was found that this resis-
tance was decreased by doing the following,
in addition to increasing the flow rate: (a)
increasing the temperature, (b) brushing the
element with a stainless steel wire brush while
submerged in the NaK, and (c) decreasing the
argon (seal gas) pressure. This is demonstrated
graphically in Fig. 5.
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These findings led to the conclusion that
the low results with elements 7 through 10
were caused by a combination of gas and
less-than-perfect wetting. In the case of mercury,
it is easy to get completely “wetted” or com-
pletely “unwetted” heat-transfer surfaces, and
in either case the coefficients are not significantly
different [1, 2, 3], as long as the mercury is free
from particulate matter. However, in the case
of alkali metals, it appears that, more often
than not, the heat-transfer surfaces are less
than completely wetted. Under this condition,
gas can collect at the heat-transfer surface.
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F1G. 5. A time-history plot of heat-transfer data taken on
element 10, showing how various actions affected the
Nusselt number.

Element 8 had its thermocouples strung out
along its length, and it was observed that at
low values of L,/D, the coefficients agreed
rather closely with those from elements 1 and
6, whereas under conditions of fully established
flow they fell much lower than those from 1 and
6. This indicates that under conditions of high
wall shear stress, as exists in high flow rates, the
adverse effect of gas collection at the heating
surface is greatly mitigated.

The evidence therefore strongly ' suggests
that the low coefficients obtained in the molecu-
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lar-conduction regime, as illustrated in Fig. 3,
were due to the coexistence of two conditions,
i.e. the presence of gas at the walls and less-than-
perfect wetting. This conclusion is consistent
with the fact that, for a constant flow rate, an
increase in seal gas pressure depressed the
heat-transfer coefficient, as illustrated in Fig. 5.

The solubility of noble gases in alkali metals
increases with temperature, and the surge tank
in the loop was located directly after the test
section which meant that its temperature was
the highest in the circuit. This further meant
that, in all probability, the NaK leaving the
surge tank contained more argon than it could
hold at the lowest temperature in the circuit,
which was at the inlet to the test section. The
excess argon could collect at the heating surface,
either adsorbed on the wall or entrained in the
form of very fine bubbles in the laminar sublayer.
It is thus apparent that the greater the tempera-
ture rise in the test section, the greater the gas
precipitation problem would be. This is obvious
from Fig. 3 where low Péclet numbers mean
low flow rates and therefore large temperature
rises across the test section. In general, the
temperature difference (t, — t,) was only about
30 per cent of the temperature rise across the
test section, which meant that the laminar layer
near the wall was not hot enough to dissolve the
excess argon in the test section.

The big question remaining is this: Why did
not the gas problem arise during the period
in which the first six test elements were used?
We have no satisfactory answer for this trouble-
some question.

Encountering very low coefficients in the
low Péclet range for in-line flow through rod
bundles is nothing new. This has been observed
by Subbotin, Ushakov, and Kirillov [16] and by
Borishansky and Firsova [17, 18]. The first of
these teams measured rod-average heat-transfer
coeflicients for in-line turbulent flow of mercury
through heated rod bundles having P/D ratios
ranging from 1-1 to 1-5. The rods have stainless-
steel sheaths with imbedded thermocouples.
The second team carried out a similar study with
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Na where the heater sheaths were made of
copper.

Results from both of these studies are com-
pared with theoretical predictions in Figs. 26
and 31 of [19]. It will be seen in both of these
figures that, in the low Péclet range, the Nusselt
numbers fall far below the constant laminar-flow
line, which is a theoretical impossibility for a
clean, gas-free system.

In other words, both of these sets of results
apparently suffer from a similar difficulty as
those presented in Fig. 3—an additive re-
sistance at the wall which is greatly dependent
on the flow rate.

We conclude that the anomalous heat-transfer
results reported, and referred to, above have
nothing to do with any inherent thermal
characteristic of liquid metals, but is simply
due to poor thermal conductance at the heating
surface caused by either gas or oxides, or both.
In the present study, however, it was definitely
shown that oxides or other impurities were
not the cause of the low heat-transfer coefficients.
At one point, the NaK was completely replaced
with a fresh charge, but the coefficients re-
mained unchanged.

4. 90°-CROSS FLOW

4.1. Theoretical considerations

In 1958, Cess and Grosh [20] published the
results of an analytical study in which they
developed theoretical equations for estimating
90°-cross-flow heat-transfer coefficients for
liquid metals flowing through tube banks or
rod bundles. They made the following assump-
tions:

1. Heat transfer occurs under steady-state, two
dimensional flow conditions,

2. Eddy thermal transport is negligible com-
pared to molecular conduction,

3. Physical properties are independent of tem-
perature,

4, Contact resistance at liquid-solid interface
is negligible,

5. Flow is inviscid and irrotational,
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6. The hydrodynamic potential distribution on
the surface of a tube is

b=b5 ®)

where

¢ = &/V = unit hydrodynamic potential
function,

@ = hydrodynamic potential function,

V = uniform free stream velocity, i.e. with-
out presence of tubes,

X = distance along the outside diameter
of a tube measured from the forward
stagnation point,

D = outside diameter of tubes.

¢, = unit hydrodynamic potential at the
near stagnation point on a rod.

7. Interaction between the thermal boundary
layers of the tubes in a tube bank is negligible.

Assumptions 2 and 5 are admissible, particu-
larly for liquid metals, as long as the flow rates
are not high. Thus, equation (6) below will
predict low coefficients at high Péclet numbers,
as we shall see later. Assumption 7 is less apt
to be true for liquid metals than for ordinary
fluids where the thermal boundary layers are
thin. This assumption implies that the heat-
transfer coefficient is the same whether one or
all rods in the bundle are transferring heat to
the flowing stream.

On the basis of their study, Cess and Grosh
proposed four equations each for an arbitrary
temperature or heat flux distribution around
the surface of the tube. For the case of a cosine
surface-temperature distribution, their final
equation was

[Nu]90° = 0.718 (%)i [Pe]v, free(l + g) (6)

where the circumferential surface temperature
variation is represented by the equations
two — ty = (fy,00- — ) — acos @

()

and

®)
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The Péclet number in equation (6) is defined
by the equation

D C
[Pe]v, free — _yﬁelz_p__l’.

9
Cess and Grosh used a conducting-sheet analog
to determine values of ¢,/D for different geo-
metrical arrangements of the tubes. One of the
drawbacks of equation (6) is that ¢ must be
determined from experimental results. In Fig.
6 it is compared with experimental results
obtained in the present study where o was
obtained from the same experimental results
and given by the expression

o = 0087 [Pe]0278. (10)
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FiG. 6. Comparison between experimental results and

theoretical predictions for heat transfer for 90°-cross flow

of NaK through a staggered rod bank. Nusselt numbers are

for test rods located in the interior of the bank, with only
the test rod heated.

As we shall see later, the circumferential surface
temperature distributions observed in the
present study could be rather closely repre-
sented by equation (7).

In 1964, Hsu [21] published the results of
another study similar to that of Cess and Grosh.
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He employed all the assumptions made by
Cess and Grosh but he did two things dif-
ferently. First, he evaluated the variable quan-
tity ¢,/D by means of mathematical functions
originally developed by Howland and Mc-
Mullen [22]; and secondly, he expressed the
surface temperature variation by the equation

b6 — tw, 00 = (tw,00° — Ly, 0:) (1 —cos ) (11)

which he found to represent rather well the
data of Hoe et al. [4] for mercury flowing
through a staggered rod bank.

Hsu presented tabulated values of the ¢,/D
ratio, which is a unique function of the spatial
arrangement of the rods, for both square and
equilateral patterns. They agreed quite closely
with those obtained by Cess and Grosh, being
never more than 5 per cent off. His final correlat-
ing equations were

[Nulog- = 0958 (¢,/D)* [P 3]3, free (12)

for a simple cosine surface temperature distribu-
tion around the rod, and

[Nu]oo- = 0-810(¢y/D)* [Pel} reee  (13)

for the uniform-heat-flux case. It is seen that
the coefficients for the first case are about
18 per cent larger than those for the second.
It is further seen, by comparing the lines in
Fig. 6, that equation (6) gave coefficients which
were about 15 per cent lower than those by
equation (12). The difference between these
two equations is partly due to the different
expressions for the circumferential surface tem-
perature variation, ie. equation (7) vs. (11).
The abscissa in Fig. 7 is [Pe], maw Which is
related to [ Pe], ... by equation

[Pe]u, max =(T)—i)"5) [Pe]v, frees (14)

for the present geometry, shown in Fig. 7. Thus,
in this case we can re-write equations (12) and
(13) as

[Nulso- = 0958 (¢,/D)* (P =

+
[Pe]?, max
(12a)
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and
[Nu]go = 0:810(¢,/D)* (P ; b )* [Pe]? ax-
(13a)

Both of these equations are plotted in Fig. 14 for
a P/D ratio of 1-40.
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Fi1G. 7. Experimental heat-transfer results for 90° cross flow

of NaK through a staggered rod bank, with only the test

heated. Lines represent heat transfer characteristics for
different rod locations in the bank.

4.2. Experimental equipment and procedures

The rod bank in the present study contains
sixty-three rods including the unheated half-rods
at the two side walls. They were arranged
vertically in an equilateral pattern, as shown in
Fig. 6, and the NaK flowed through them in a
horizontal direction. All the rods were capable of
being heated. Additional statistics on the test
section are given in Table 1.

The basic design of the test elements, the
methods of temperature and power measure-
ments, and the experimental procedures were
the same as those for the in-line-flow study.

For calculating both circumferentially local
and rod-average heat-transfer coefficients, the
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bulk temperature was assumed to be the same
as the inlet stream temperatures when only
the test rod was heated. Under these conditions,
the temperature rise of the NaK across the rod
bank was always <0-3°F. When all rods were
heated, the method of determining the bulk
temperature depended upon whether rod-
average h’s or local h’s were being calculated.
For the former, it was the bulk temperature
calculated for the longitudinal position (in the
bank) given by the center of the rod. For the
latter, it was the bulk temperature calculated
for the longitudinal position of the local point
for which the i was being calculated.

In the series of runs in which all the rods were
heated, cognizance was taken of the fact that
the half-rods at the two side walls were not
heated, in calculating the bulk temperature at a
given location in the rod bank. It is assumed that
the bulk temperatures at rod locations 1, 2, 3, 4,
and 5 would be the same as if the half-rods were
heated, i.e. it was assumed that rods in those
locations would be ‘“‘unaware™ of the colder
NaK flowing along at the sides. Data were not
taken on a rod in location 8 because of the
uncertainty in establishing the bulk tempera-
ture at that point, and data were not taken at
location 6 because the rod in that location was
a simple heating rod and not a test rod.

In the series of runs in which only the test
rod was heated, data were not taken at locations
3,6,and 9.

SHELDON KALISH and ORRINGTON E. DWYER

4.3. Experimental results

4.3.1. When only test rod was heated. Figure 6
shows the results obtained at test locations 4
and § in the interior of the lattice. It is seen that
they agree very well with Hsu’s [21] theoretical
prediction based upon a simple cosine tempera-
ture distribution around the circumference of a
rod. The precision of the data points is very good.
They produce a straight line whose equation is

[Nulgo- = 0980 [Pe]2 20 (15)
which can be transformed to
P — D\°3
[Nu]go. = 0923 (¢1/D)°'5< —P—> [Pe]? 3.
(15a)

by making use of the form of equation (12a).
This equation is plotted in Fig. 9.

Figure 7 shows how the Nusselt number
varied throughout the rod bank. The results
are in good agreement with earlier results
[4, 5] obtained at Brookhaven on mercury.
The data points, omitted from the figure for
the sake of clarity, had about the same precision
as those shown in Fig. 6.

There have been considerable experimental
data reported for the case of mercury flowing
perpendicularly  through  staggered rod
bundles. The conditions under which these
data were taken are summarized in Table 3,
and the results are presented graphically in

Table 3. Summary of experimental conditions under which lines in Fig. 8 were obtained

1. Investigators Hoe et al. [4]
2. Liquid metal Hg

3. Surface metal Cu

4. Rod cladding Cu

5. Cladding thickness 0049 in
6. Wetting? yes

7. D 0-500 in
8. Pe range 330-1870
9. 8,/D 1375
10. S,/D 1190
11. Cold trap? yes
12. Thermocouples imbedded in surface? yes
13. No. of rods heated

test rod only

Rickard et al. [S]  Subbotin et al. [23]
H

g Hg
Cu, Cr Ni
Cu Ni
0-049 in 2 mm
yes/no yes ()
0-500 in ?
200-2000 100-5000
1-375 12
1-190 1-2,1:3,144, 1-5
yes yes
yes yes

test rod only 1. test rod only

2. test rod and rods adjacent
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Fig. 8. An average line drawn through these

Welly
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F1G. 8. Comparison of experimental results for 90°-cross flow

of mercury through a staggered rod bundle, for a rod in

the interior of the bundle, and for the case where only the
test rod is transferring heat to the flowing stream.

For P/D = 1-75, as in the present study, this
equation can be reduced to

[Nu]go. = 0705 [Pe]g,.smeX' (17)
Figure 9 compares this equation, based upon
previous experimental results for mercury, with
equation (15) which represents experimental
results obtained in the present study. The
agreement is excellent. There is no reason why
there should be any difference between the
two different liquid metals, as long as good
wetting existed, and it should have existed in
the three mercury studies and in the present one.
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oz 4 &m0 z 4 e e0® 2 4 e 80* for this part of the study are shown in Figs. 10

and 11. By comparing Figs. 7 and 10, it is seen
that the curves in Fig. 10 are higher than those
in Fig. 7. But it is also seen that the two sets
tend to merge as the Péclet number (flow rate)
is increased. By extrapolation, it is found that
they actually merge at a Péclet number in the
neighborhood of ~600.

Although the present experimental study is
presumably the only one to have been carried
out with all the rods in the bank heated,
Borishansky, Andreevsky, and Zhinkina [24]
published results of an experimental study where
the rods immediately surrounding the test rod
were heated. Those authors used sodium, which
had an oxygen content of 26 ppm; and their
test bank contained three rods across and
thirteen deep. Their test rod was located in the
center of the bank, and it was constructed
similarly to those used in the present study.
In their paper, they did not specify the manner
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FiG. 10. Experimental heat-transfer results for 90°-cross

flow of NaK through a staggered rod bank, with all rods

heated. The various curves represent the heat-transfer
characteristics for different rod locations in the bank.
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FiG. 11. Comparison of heat-transfer resuits for 90°-cross
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rod in the interior of the bank. Curve 2 was obtained from
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ratio, so that 2 and 3 could be on a comparable basis.
Curve 1 was obtained for the condition where all the rods
were heated, and 3 for the condition where the test rod and
those immediately surrounding it were heated.
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in which the bulk temperature was determined
at the location of the test rod. The present
authors do not see any clear-cut way of doing
this when only the surrounding rods are heated.

Figure 11 gives a comparison between the
results of Borishansky et al. and those obtained
in the present study where all the rods were
heated. Curve | is the same as the top curve
in Fig. 10, and curve 2 was calculated from it.
Curves 2 and 3 can be compared. The interesting
thing is that, although curve 3 is about 12 per
cent below 2, both curves are parallel. This
contrasts sharply with the test-rod-heated-only
curves which were straight.

The fact that curve 3 is appreciably lower than
2 is to be expected. There are two apparent
reasons for this. First, due to the fact that the
test bank of Borishansky et al. was only three
rods wide, there would be a depressing side-wall
effect. Curves 2 and 3 in Fig. 11 are entirely
consistent with the top two curves in Figs. 7 and
10 where this effect is demonstrated. Secondly,
the sheath of the test rod of Borishansky et al.
was made of stainless steel, which has a low
thermal conductivity compared to those of
nickel and copper, the cladding materials used
by the other investigators. Also, their .test rod
had a relatively large diameter. For these
reasons, their thermal conditions were closer
to those for uniform heat flux than to those for a
simple cosine temperature distribution; which,
as we can see by comparing equations (12a)
and (13a), tend to make curve 3 fall below 2 in
Fig. 11.

We can thus conclude that the results of the
present study and those reported by Bori-
shansky et al., as compared in Fig. 11, are really
in good agreement. The fact that different liquid
metals are compared is inconsequential.

The question now is: “Why are test-rod-
heated-only lines practically straight, while all-
rods-heated lines are quite curved?”” The present
authors do not think that the curvature is due
to the increasing importance of eddy conduction
as the flow rate, and therefore the Péclet number
increases. If this were true, the lines in Figs. 6
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and 7 would not be straight either. In Fig, 8,
although each line is straight, the three lines
taken together suggest an “average” line with a
slight upward curvature. There is considerable
evidence that in the Péclet range shown in
Fig. 11, eddy conduction is not a dominant
mechanism in the heat-transfer process in cross
flow.

The following question might well be asked :
“Is the curvature due to the fact that the flow
may be changing from laminar to turbulent?”
In cross flow, this does not happen suddenly
as the flow rate is increased; but rather it
occurs over the Dv,,, p/u range of 102-10° [25].
A Reynolds number of 10° corresponds to a
Péclet number of ~20 for the NaK alloy used
in the present investigation; and, since the
minimum Péclet number for curve 2 in Fig. 11
is 40, the flow had to be fully turbulent. The
same argument applies to curve 3.

(a) {b)
LOW FLOW RATE HIGHER FLOW RATE

FIG. 12. Schematic drawings to illustrate why heating all
rods yields higher coefficients than heating the test rod only.
Wall temperatures and heat fluxes are the same in both
cases. Subscript 1 refers to the case where only the test rod
is heated, and 2 to the case where all the rods are heated.
The dimension d represents the spacing between rods.

The present authors suggest that the curvature
of the lines in Figs. 10 and 11 is explained by
the temperature profiles in Fig. 12. Two sets
of temperature profiles are shown. In Fig.
12(a), which represents a low flow rate, the
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profiles are less steep and the two bulk tempera-
tures are farther apart than in Fig. 12(b), which
represents a high flow rate. Thus, the coefficients
in case (a) are farther apart than those in case
(b); but, in both cases, the coefficients are
greater when both walls are transferring heat.

From the three curves in Fig. 8 and from
curve 2 in Fig. 11, it is possible to get a good
estimate of a single curve covering the whole
Péclet range, for the case where all the rods are
heated, and for the case of P/D = 1-40. The
equation of this line is

Nu]go- = 590 + 0254 [Pe]2633  (18)
90 s
which, for any P/D ratio, becomes
/P _ D\*
[Nu]goa = (%) (_P"_> {6'19
+ 02665 [Pe]2 %33}  (19)

Of course, this equation applies to the
situation where we have a cosine temperature
distribution around the circumference of the
rod, which is generally the type of distribution
one gets with copper sheaths, owing to the
circumferential heat conduction. With thin
stainless-steel sheaths, the thermal conditions
should more closely approximate the case of
uniform flux. For this condition, by analogy to
equations (12) and (13), we can modify equation
(19) and obtain the equation

[Nuoo = (%) (P_Tﬁﬂy (524

+ 0225 [Pe]2 8333, (20)
Equations (12a), (13a), (19), and (20) are all
compared in Fig. 13 for a P/D ratio of 1-40. It
is clear that in the intermediate Péclet range the
theoretical equations agree very satisfactorily
with the empirical ones. However, at the low
and high ends of the Péclet range they predict
low coefficients, particularly at the low end. At
the low end, the coefficients are low because of
assumption 7; at the high end, they are low
because of assumption 2. It so happens that in
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the Péclet range normally encountered in
commercial heat exchangers, test-rod-heated-
only data are dependable for design purposes.
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F16. 13. Comparison of experimental heat-transfer results
and theoretical predictions for 90°-cross flow of liquid
metals through staggered rod banks, for a rod in the interior
of the bank. Curves 1 and 2 represent experimental results
obtained in this and previous studies [4, 5, 23]

43.3. Local heat-transfer coefficients. The
design of the test rods used in the present study
is explained in detail in [2]. Essentially they
were special electrical-resistance heaters, con-
sisting of a Nichrome coil embedded in magnesia
electrical insulation and swaged in a copper
tube. The O.D. of the rods was 0-500 in, and the
thickness of the copper sheath was 0-100 in.
Cooper was used for two reasons: first, it was
easy to embed the surface thermocouples in it;
and second, owing to its high thermal conduc-
tivity, the radial temperature gradient was small
and therefore there would be a negligible error
in the surface thermocouple readings due to
slight radial variation in location.

Because the rod sheaths were quite thick and
made of copper, there was appreciable cir-
cumferential heat flow through it. Hence the
heat flux from a rod to the flowing NaK varied
around the circumference. So, in order to de-
termine local coefficients around the rod from
the local surface temperatures, it was first
necessary to estimate the local heat fluxes. This
was done as follows [4].
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The partial differential equation for steady-
state heat conduction in the copper sheath with
two dimensional heat flow is

P to 18
ot ror roer
The assumption is made that the heat flux at the

inner wall of the copper sheath is uniform
which gives us the first boundary condition, ie.

0. (21)

ot -
e = a constant = ¢ = _‘l}r__—_zi
O Joey, k

(o

22

1t is found that the circumferential outer surface
temperature variation can be expressed as a
simple cosine function according to the experi-
mental results of Hoe et al. [4], and as adopted
by Hsu [21]. This gives us the second boundary
condition, i.e.

ty g by ¢ = a(l — cos ) (23)
In some cases, it was found that when a equalled
Ly, 90 — by, 24)

a very good fit of equation (23) to the measured
temperature profiles was obtained. In most
cases, however, it was necessary to change
slightly the value of a to give a good fit in the
narrow region around the rear stagnation point.
Equations (21-23) were solved to give
t = f(r, 6). This was then differentiated to give
Ot/or = f(r, 0), from which 8t/0r),.,, = f(6) was
obtained. Finally, h for any value of 6 was
obtained from the heat-balance equation

ot
h&(tw,ﬁ - tb) - —kc(é’;)':rz'

It was found that the circumferential variation
of h was the same whether all rods in the test
section were heated or whether only the particular
test rod was heated. It was further found that
the relative variation of h, ie. hy/h, oo OF
ho/hq-, around the circumference was almost
independent of Péclet number (flow rate).
These observations confirm the validity of
assumptions 2 and 7, respectively. It was also

25)
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confirmed that
(26)

The experimental results are shown graphically
in Figs. 14 and 15. The data points are not
plotted; their average deviation from the lines
shown were only about +1 per cent. It is seen in
Fig. 15 that the coefficients at the rear stagnation
point, for all test conditions, are just one-fifth
those at the forward stagnation point.
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FiG. 14. Experimental heat-transfer results for 90°-cross
flow of NaK through a staggered rod bank showing the
circumferential variation of the local heat-transfer coefficient.
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FiG. 15. Experimental heat-transfer results for 90°-cross
flow of NaK through a staggered rod bank showing the
circumferential variation of the local heat-transfer coefficient.

1551

If we ignore the slight variation of the ratio
he/h,, 90- With Péclet number, we can express it
by the empirical equation

hg/h,, 00 = 1 — 122 cos (180 — 6) 27
for 0° < 6 < 90°, and by the equation
hg/hy, 00 = 1 — 0-58 cos (180 — 6) (28)

for 90° < 6 < 180°, where k,, o0 is calculated
from equation (15a) when only the test rod is
heated, and from equation (19) where all the
rods are heated. With these equations, the
circumferential variation of the surface tem-
perature is readily calculated for a given set of
experimental conditions encompassed by the
present study.

Referring to Fig. 14 again, the reader is
reminded that h, oo is not h, averaged over
the circumference of a rod. It is based upon the
average surface temperature and the average
heat flux.

—— ALL RODS HEATED

Q41— _—— ONLY TEST ROD HEATED Pes60 |
ol I | B 1 L | 11|
() 20 40 60 80 100 120 140 160 180

8, DEGREES

FiG. 16. Circumferential variation of the local heat flux
obtained in the present study, for 90°-cross flow, and for a
rod in the interior of the bank.

Figure 16 shows the circumferential variation
of the local heat flux for the conditions of the
present experiments. There is a slight effect of
flow rate, and in the direction one would expect.
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5. 45°- CROSS FLOW

5.1. Theoretical considerations

Hsu extended his analytical study of 90°
cross flow [21] through staggered rod bundles,
or banks, to the general case of oblique flow
[26]. In the latter study, he made all the same
assumptions he had made in the former and one
additional one. This additional one was that
heat-transfer coefficients for oblique flow are
the same as 90°-cross flow through a bank of
elliptical rods. The shape of the elliptical
cross-section is determined by an imaginary
plane cutting across a circular rod in such a
way that a second plane passing through the
axis of the rod intersects the first plane at right
angles and defines a straight line which is
parallel to the direction of flow through the
bank.

In deriving average heat-transfer coefficients
for elliptical rods located in the interior of a
bank, Hsu assumed that the distribution of
hydrodynamic potential around the surface
of a rod could be expressed by a cosine function
in terms of elliptical coordinates. He also
assumed that the circumferential temperature
distribution around an elliptical rod was that
of a simple cosine function when the ellipse
was transformed to a circle, which was con-
sistent with his analysis for 90°-cross flow
through a bank consisting of circular rods. For
this case, his final equation was

v, = 108424 ) EPett e

(A —e®) + (1 — A
X E

(29)

where a and b represent the major and minor
axes, respectively, of the ellipse; [Pe], ¢ is
based upon the velocity which the liquid metal
would have if the rods were absent from the
shell; e = (a? — b?)*/a = eccentricity of the
ellipse; and E = the complete elliptical integral
of the second kind, defined by

n/2
g’ (1 — e?sin? At dA. (30)
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Hsu has given values of ¢,/(a + b) in graphical
form for both triangular and square arrays. It
so happens that the relationship between
¢/(a + b) and (a + b)/P is the same as that
between ¢,/D and D/P for perpendicular flow
across circular rods.

Theoretically, equation (29) covers all flow
directions from perpendicular to parallel. How-
ever, owing to the basic assumption made in its
derivation, which was mentioned above, it is
less reliable as the angle of flow, §, approaches
zero, i.e. parallel flow. For the range 10° < f <
90°, Hsu [27] has proposed a reliable modifica-
tion of this equation. It is

[Nu]ﬂ = 0958 (¢1/D)2 [Pe]v free
y [(1 —e)+(1 - ez)*:r

2—¢* (1

which is equation (12), for 90°-cross flow,
multiplied by the eccentricity term in the square
brackets. Dwyer [19] further modified this
equation to the more convenient form

[Nu], = 0958 <¢1/D)*(P D)* [Pelt s
g [Sin AL /T' (32

1 + sin* B

In this equation, ¢,/D is evaluated from the
curve in Fig. 17, as in the case of 90°-cross flow,
and P and D refer to the actual pitch and dia-
meter of the rods.

40,

&5

30

$0

2:5

S
[o} [o3] o2 o3 04 05 o6 o7 08
oP
Fig. 17. Dependence of the normalized hydrodynamic
potential drop, ¢,/D, on the D/P ratio, for perpendicular
flow through rod bundles or tube banks having an equi-
lateral triangular spatial arrangement (from Hsu [217).
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For the case of uniform heat flux, from
equation (13a) it is seen that the coefficient in
equations (31) and (32) should be changed to
0-810.

5.2. Experimental equipment and procedures
These were very much the same as for the
90°-cross-flow study. The rod size, number, and
spacing were the same. The distance between
the top and bottom plates of the rectangular
shell was also the same. The only difference
was that the rods were inclined at a 45° angle
with respect to the horizontal. A schematic
side view of the test section is shown in Fig, 18.
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FIG. 18. Nusselt numbers for 45°-cross flow of liquid metals

through a staggered rod bank, for rods in the interior

of the bank, and for the test rod only transferring heat.

The data points and line C~C represent experimental results

obtained in the present study with NaK, while lines A-4

and B-B represent theoretical equations (29) and (32)
proposed by Hsu [26, 27].

Data were not taken at rod locations 3, 7, 8,
and 9. Further information on the design of the
45°-cross-flow test section, as well as on the
scope of this portion of the work, is given in
Table 1.
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5.3. Experimental results

5.3.1 When only the test rod was heated. The
bulk temperatures on which the calculated
heat-transfer coefficients are based were defined
in the same manner as those for the 90°-cross-
flow coefficients.

The rod-average heat-transfer coefficients,
in terms of Nusselt numbers, are shown in
Figs. 18 and 19. In Fig. 18 lines 4-4 and B-B
represent equations (29) and (32), respectively—
the theoretical equations by Hsu.
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Fi1G. 19. Experimental heat-transfer results for 45°-cross flow

of NaK through a staggered rod bank, with only the test

rod heated. Lines represent heat-transfer characteristics
for different rod locations in the bank.

Line A-A falls 25-40 per cent above C-C;
and line BB, 15-25 per cent. It is seen in Section
4.3.1 that equation (12a), which is the same as
equation (32) for 90°-cross flow, agreed very
well with the 90°-cross-flow results; and there-
fore, since the accuracy of the 45°-cross-flow
results should be just as high as those, the
only conclusion is that both equations (29) and
(32) are not reliable for values of § far from 90°.
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The apparent reason for this is the assumption
(made in their derivations) that oblique flow
across a circular rod is the same as perpendicular
flow across an elliptical rod, as far as convective
heat is concerned. It is obvious that this is not
so at the limit where § — 0. In that case, Hsu’s
model reduces to the case of flow past a flat
plate rather than in-line flow through a bundle
of rods.
Line C-C in Fig. 18 represents the equation

[Nulas: = 1014 [Pe]2 432 (3)

Thus, its slope is lower than that observed for
90°-cross flow as well as the theoretically
predicted value, both of which are 0-5. This does
not necessarily mean that the experimental
results in Fig. 18 are probably less accurate.
The slope of 0-5 in the 40400 Péclet range is
not sacrosanct, as we saw earlier.

On the basis of the present results, however,
it is possible to write the equation

sin B + sin? ﬁ]*

1 + sin? B (34)

[Nulz = 0-84 [Nu]ge [
as a close approximation for: oblique flow, a
rod in the interior of a bank, test rod heated
only, 40 < Pe), max < 400, and 30° < B < 90°.
This equation says that as § goes from 90° to 45°,
the rod-average heat-transfer coefficient de-
creases about 25 per cent; and from 90° to 30°,
35 per cent. These are large reductions. Figure
19 has a family of lines showing the effect of
rod location (in the bank) on the average heat-
transfer coefficient (expressed as Nusselt num-
bers). The lines fall pretty much as would be
expected on the basis of the results for the 90°-
cross-flow case shown in Fig. 7.

5.3.2. When all the rods were heated. The
results for this case turned out to be unsatis-
factory. The measured temperature rise of the
NaK flowing through the test section was
greater than that obtainable if there were no
heat losses; which, in the 90°-cross-flow studies,
fell in the range of 1-5 per cent, depending upon
the flow rate. This led us to suspect that there
was inadequate mixing in the bank, and that
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temperature striations in the NaK stream were
giving us our erroneous exit temperature read-
ings. This was confirmed when temperature
data were taken with only the first three rows
of rods heated. Under those conditions, the
succeeding six rows thoroughly mixed the
stream, and the exit temperature readings
indicated heat losses in the proper range, i.e.
1-5 per cent.

By referring to the diagram in Fig. 20, it is
seen that the path of least resistance to flow, for
the colder fluid at the top, is not straight
through the bank, but along the shorter,
diagonal path. This means that there is a faster
moving, and therefore colder, stream flowing
in the diagonal direction, as indicated. This
would further mean that the middle portion
of a rod in the center of the bank would run
colder than either of its end portions. As a
result, the central rod would tend to give higher
coefficients since the surface temperatures were

F1G. 20. Schematic drawing to illustrate short-circuiting of
flow through 45°-rod bank.

measured at the mid-points of the rods (point b
in the figure). By this argument, element 10 (point
c in the figure) should have given low coefficients
becauseits thermocouples would bein a relatively
hotter region ; and it actually did. The coefficients
of test element 1 (point a'in the figure) were, as
one would expect, little different from those
obtained on it when it was the only rod heated.

It is therefore apparent that the coefficients
could be off for two reasons: measured wall
temperatures which were too low, and erroneous
bulk temperatures. It must be remembered that
only 2 deg or 3 degF difference in (£, 45 — £;)
could account for the discrepancy.
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Rod-averaged coefficients calculated by all
plausible ways for rod locations 4, 5, and 6 came
significantly higher, relative to the test-rod-
heated-only coefficients, than did those for the
90°-cross-flow case. However, they did merge
with the test-rod-heated-only line (presented in
Figs. 18 and 19) at Pe = 600, showing that if
the turbulence was increased enough, the tem-
perature striations disappeared.

On the basis of the results presented above
and by making use of the results shown graphic-
ally in Fig, 13, the following empirical equation
is recommended for estimating oblique-flow
coefficients for a rod in the interior of a bank
when all rods in the bank are heated, when the
circumferential surface temperature variation
approximates that of a simple cosine, and when

30° 2 B < 90°.
_ P — D\}['sin B + sin® B |}
[N“]”'(""/D)*( P )[ 1 + sin? § ]

x [5-44 + 0228 [Pe]?,‘?..‘,:]- (35)

For the case of uniform heat flux, the last
square-bracketed term should be changed to

460 + 0193 [Pe] 2614 (36)

5.3.3 Local heat-transfer coefficients. Each test
rod had its nine surface thermocouples located at
the same axial distance along the rod, i.e. they
were located in the rod’s diametral circle, not
in the circumference of the imaginary ellipse.

It was found that the circumferential surface
temperature variations, like those for the 90°-
cross-flow case, represented a simple cosine
distribution. This is confirmation of one of
Hsu’s [26] assumptions in his theoretical
analysis. '

It was found that the circumferential varia-
tions of the local coefficients for the 45°-cross-
flow case were identical with those for the
90°-cross-flow case, at least for the situation
where only the test rod was heated. Local
coefficients were not calculated for the all-rods-
heated situation because of the experimental
difficulties described in the previous section.
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Thus, the curves in Figs. 14 and 15 are also
applicable to the 45°-cross-flow situation.
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Résumé—On présente les résultats d’une étude expérimentale compléte sur la chaleur apportée 4 du Nak
s’écoulant & travers des faisceaux (ou rangées) de barreaux sans écrans.

Les résultats de ’écoulement longitudinal sont donnés sur neuf barreaux essayés différents situés au
centre d’une faisceau de 19 barreaux. Ils ont été obtenus avec des profils de vitesse et de température
entiérement établis et aussi dans le cas de la région d’entrée. Les résultats pour les cinq premiers barreaux
essayés étaient en trés bon accord avec les prévisions théoriques et avec les résultats précédents sur le
mercure; mais, ceux sur les quatre derniers barreaux sont entiérement dans le régime de conduction
moléculaire (faibles nombres de Péclet). Plus la vitesse d’écoulement est faible, plus les coefficients di-
minuent, ce qui indiquent la présence d’une résistance interfaciale qui est trés sensible 4 la vitesse de
Iécoulement. On en a conclu que la difficulté provenait du mouillage médiocre de la surface chauffante.
La concentration d’oxygéne dans le Nak était constamment égale a 25 ppm, ce qui est loin au-dessous du
niveau de saturation correspondant a la partie la plus froide de la boucle de circulation.

Des résultats ont été également obtenus pour des écoulements perpendiculaires et & 45° & travers les
faisceaux de barreaux, dans le cas ol seul le barreau essayé était chauffé et dans le cas ot tous les barreaux
’étaient. On a effectué des mesures pour des barreaux placés a divers endroits dans le groupe, et on a
obtenu les coefficients de transport de chaleur en chaque point de la circonférence et les coefficients

moyens.

Les résultats de ’écoulement perpendiculaire étaient en bon accord avec des résultats publiés précédem-
ment sur le mercure, et avec les prévisions basées sur la corrélation théorique de Hsu [21]. Dans la région
des faibles nombres de Péclet, les coefficients dans le cas ol tous les barreaux sont chauffés étaient beaucop
plus élevés que ceux dans le cas ol seul le barreau essayé était chauffé, mais la différence diminuait lorsque

la vitesse de ’écoulement augmentait.

Les coefficients pour I’écoulement a 45°, plus faibles que les prévisions théoriques de Hsu [26, 27]
étaient égaux a 75 %, de ceux pour le cas de I’écoulement a 90°.

La variation en fonction de I'azimuth du coefficient de transport de chaleur normalisé est indépendante
de la vitesse de ’écoulement pour les deux directions de I’écoulement 4 90°. La variation de la température
de surface le long de la circonférence était celui d’une simple fonction en cosinus, pour les deux types

d’écoulement.

Sur la base des résultats obtenus dans cette étude, confirmés par des résultats théoriques et expérimen-
taux antérieurs, on propose des équations semi-empiriques pour prédire les coefficients de transport de
chaleur pour les écoulements a 90 et a 45-, dans le cas ot seul le barreau essayé est chauffé et dans celui

ol tous les barreaux sont chauffés.
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Zusammenfassung-—Der Bericht vermittelt die Ergebnisse einer umfangreichen experimentelien Unter-
suchung iiber den Wirmeiibergang an NakK, das durch Stabbiindel ohne Einbauten stromt. Es werden
Ergebnisse wiedergegeben fiir neun verschiedene Versuchsstiibe, die in der Mitte eines Biindels aus 19
Stiben angeordnet sind und axial angestrdmt werden. Die Versuche wurden sowohl bei abgeschlossenem
hydrodynamischen une thermischen Einlauf, als auch im Einlaufsbereich durchgefiihrt. Die Ergebnisse
der ersten 5 Versuchsstibe sind in brauchbarer Ubereinstimmung mit theoretischen Voraussagen und
fritheren Versuchen, die mit Quecksilber durchgefiihrt wurden. Die Ergebnisse fiir die letzten 4 Stibe
liegen jedoch unterhalb des Gebiets der molekularen Wiirmeleitung (kleine Pecletzahl). Je geringer die
Massenstromdichte wird, desto geringer werden auch die Wirmeiibergangszahien. Dies deutet auf einen
Widerstand an der Kontaktfliiche hin, der sich stark mit der Massenstromdichte dndert. Dieser Unstand
wird auf eine unvollkommene Benetzung der wiirmeabgebenden Fliche und auf die Anwesenheit von
Schutzgas an dieser Fliiche zuriickgefithrt. Die Sauerstoffkonzentration in NaK war zu jeder Zeit kleiner
als 25 ppm. Das ist weit weniger, als die der kiiltesten Stelle des Kreislaufs entsprechende Sittigungs-
konzentration.

Bei den Versuchen mit querangestrémten (90°) und schrig angestrdmten (45°) Stabbiindeln wurde
entweder nur der Versuchsstab oder alle Stibe beheizt. Die Messungen wurden bei verschiedenen Stab-
positionen gemacht. Sowohl die mittleren Wirmelibergangszahlen am Stab, als auch die lokalen Wiirneii-
bergangszahlen am Umfang wurden ermittelt.

Die Ergebnisse der Versuche bei senkrechter Anstrdmung sind in guter Ubereinstimmung mit frither
verdffentlichten Ergebnissen mit Quecksilber und mit Berechnungen nach der theoretischen Bezichung
von Hsu {21]. Werden alle Stiibe beheizt, so liegen die Wirmeiibergangszahlen im Gebiet kleiner Pecletzah-
len merklich hoher also bei der Beheizung nur eines Versuchsstabes. Diese Differenz wird kleiner mit
grosser werdender Massenstromdichte.

Die Wirmeiibergangszahlen bei schriger Anstromung unter 45°, die niedriger liegen als die theore-
tischen Vorhersagen von Hsu [26, 27], betragen 75 %, der Werte bei 90° Queranstrémung.

Die Anderungen der 6rtlichen, bezogenen Wirmeiibergangszahlen in Umfangsrichtung sind unabhén-
gig von der Massenstromdichte und sind die gleichen bei 45° und 90- Anstrémrichtung. Bei beiden Ans-
trémrichtungen ist der Verlauf der Oberflichentemperatur in Umfangsrichtung der einer einfachen
Kosinusfunktion.

Auf der Grundlage dieser Ergebnisse und mit Hilfe friiherer theoretischer und experimenteller Aussagen
werden halb-empirische Gleichungen angegeben. Mit ihrer Hilfe kann man die Wirmeiibergangskoef-
fizienten fiir 90° und 45° Anstrdmrichtung berechnen, sei es fiir den Fall, dass nur der Versuchsstab

beheizt wird, oder fiir den Fall, dass alle Stibe beheizt sind.

Annoramua—B cTaThe NPHBORATCA Pe3YNBTATH OOIIMPHOIC SKCMEPHUMEHTANBHOTO HCCiaeno-
BaHuA nepenoca renya kK NaK, rexymemy vepes myuxn Tpy0 Ges neperopogox.

Coof1Ial0TCA JaHHBE ONHNTOB JJIA NMAapajIeJbHOI0 PACNOJIOMKEHNA CTepKHel, MONyYeHHHE
Ha AeBATH PasJIM4HBIX CTeDKHAX, IOMEINEHHBIX IOOUMHOYKE B IIeHTPE IIy4Ka U3 NeBATHALLATH
crepi#Helf. ONHTH TPOBOAMJINCE IIPH ITOJIHOCTHI YCTAHOBUBIUMXCA NPOQHIIAX CKOPOCTH M
TeMIepaTypHl, a TaKKe BO BXOXHOI o6nacTu. PesyabTaTh 1uA mepBHX NATH CTEPHHE X0opouIo
COTIACYIOTCH ¢ TEOPETHUECKHMH DacyeTaMy, a TaKMe ¢ paHee NOJYYeHHBIMH JaHHBIMHN LIA
PTYTH ; HO Pe3yJbTaTH AJA NOCJIESHAX 4YeTHpeX CTepikHell OTHOCATCH K PEMMUMY HU3KOH
MONeKYJIApHOH# TenuonpoBogHocTH {(Masble uucna [Texne). Hem Huke CKODOCTh ABMMKEHUA,
Tem MeHbIle Kod(dunueHTH. DTOT PAKT YKAsHBACT HA HAJHYHE CONPOTHBIEHHA HA IPAaHUIe
pasgena $a3, BecbMa YYBCTBUTENBHOTO K CKOPOCTH TeueHHA. MOMHO 3aKIIOYMTE, YTO TPYA-
HOCTH BHI3BBAHA HEMACANBHHIM CMAYMBAHMEM INOBEPXHOCTU HarpeBa. HOHLEHTPALMA KUCIIO-
pona B NaK cocrasaana 25 dacrefi Ha MEIIMOH B KQXKIOM CIy4ae, YTO MHOTO HUMe YPOBHH
HACHIIEHNUA, COOTBETCTBYIOLUETO CaMON XOIOTHON UMPKYIAUMOHHON NeTaH.

Taxme HOJY4eHH pe3yAbTATH HiA nonepeunoobrexaembix (90°) u wocoolreraemsix (45°)
NYYKOB CTEPIKHEN NpW YCJIOBHHM HArpeBa TOJBKO OHOrO MCCHELyeMOrQ CTEDIKHA MM OXHO-
BPEeMEHHOrO Harpesa Bcex crepuelt. [IpoBoANIMCH USMepeHMA JJIA HECKOJBLKHX pacHolo-
MWeHUN CTepmHel B IyvKe ; HOJIyYeHbl YCPelHEHHHIE M JIOKAJIbHBE HOIQOUIMEHTH Tenio-
oGmMena.

PesynpraThl JJA nonepevyroolTeKAaeMBIX MYYKOB XOPOIIO COPJIACYIOTCA ¢ paHee omyOanKo-
BAHHBIMU JAHHEIMM IJIA PTYTU M ¢ PacyeTaMu, OCHOBAHHBIMM HA TEOPETHYECKOM COOTHOIIEHMHU
Xcy [21]. Hpu manwx uucaax Iexae u OFHOBpPEeMEHHOM Harpese creps;xHell KosdPuuuenTH
OKa3HBAIOTCA 3HAUNUTENLHO BHIE, YeM JJIA CAYHas HArpeBa TONBKO OJHOTO CTEPIKHA, M 2Ta
Pa3HHIA YMEHBIUAETCHA ¢ yBEJHYEHUEM CHOPOCTH IOTOKA.

Hoapdummenrnt miaA  kocoolTexaeMHX MYYKOB OKA3bIBAKOTCA HIDKE KoaQOUHUEHTOB,
HalgeHHBIX Teopernyeckn Xcy [26, 27], u cocrapmaior 759 oT KoopuLMEeHTOR AAA Cayyasn
NoNepevyHoro odTeKaHnA.
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Haligewo, 4T0 asMMyTaJIbHOE M3MeHEHHE JIOKAJIBHOIO HOPMAJNN30BaHHOTO KOd(PPUuMeHTa
TeII006MEHA He 3aBHCHT OT CKOPOCTH JJIA MCCIHeAOBAHHHEIX PACTIONOMEHMN NyuKa IO OTHO-
HIEHHIO K BEKTOPY CKOPOCTH Haleratomero notoka. Jaa o60ux Tinos TedeHull TeMnepaTypHoe
pacnpejieseHie Ha MOBEPXHOCTH HMeeT BHE CHHYCOMIAABHON QyHKiuu.

Ha ocuoBe nONyYeHHHWX pe3yJbTaTOB, DONTBePHICHHBIX TEODETHYCCKUMH M DHCIEPH-
MEHTANBHMMA HAaHHBIMH, [PEANAraioTCH IONYIMNHPUYECKUE YPABHEHHA [JA OUEHKH
Koo PuuNeHTOB Tenmo00Mena MONepeYHo — U KOCOOOTEKAeMBX MyYKOB B CJLy4ae Harpesa

TOJILKO OHOPO CTePKHA MIIM BCEX CTepHHEe# OJHOBPEMEeHHO,



