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THROUGH UNBAFFLED ROD BUNDLES* 

SHELDON KALISH and ORRINGTON E. DWYER 

Brookhaven National Laboratory, Upton, N.Y. 
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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-P&et-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 P&clet 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, 271 theoretical prediction, were 75 per 
cent of those for the 9O”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 W- and 
45”-cross flows for the condition where only the test rod is heated, and for that where all rods are heated. 

a, 

b, 
c, 

CP 
R’ 

NOMENCLATURR 4(total cross-sectional flow area) 
empirical constant in equation (7) ; 
also major axis of ellipse [ft] ; 
minor axis of ellipse [ft] ; 
a constant defined by equation 
(22) [degF/ft] ; 
specific heat [Btu/(lb, degF)] ; 
outside diameter of rods [ft] ; 

D,, 

6 

h, 

total wetted perimeter 

Cft] ; 
complete elliptical integral of the 
second kind, defined by equation 
(30) ; 
in-line-flow heat-transfer coef- 
ficient for a rod in the interior of 
a bundle [Btu/(h ft2 degF)] ; 
“contact” heat-transfer coefficient 
[Btu/h ft2 degF)] ; 

* This work was performed under the auspices of the h, 
U.S. Atomic Energy Commission. 
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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/(tw,e - ta), local cross-flow 
heat-transfer coeff’cient at circum- 
ferential angle 8 [Btu/(hft2 degF)] ; 
= LJ~/(~~,~ - tb), local cross-flow 
heat-transfer coefficient at forward 
stagnationpoint [Btu/(hft’degF)]; 
= q900/(tw,900 - tb), local cross- 
flow heat-transfer coefficient at 
8 = 90” [Btu/(hft2degF)] ; 

= iilL. rod-average heat-trans- 
fer coefficient in cross flow 
[Btu/(h ft2 degF)] ; 

= iilL45”~ rod-average heat- 
transfer coefficient in 45”-cross 
flow [Btu/(h ft2 degF)] ; 

= av, 9003 rod-average heat- 
transfer coefficient in 90’~cross 
flow [Btu/(h ft2 degF)] ; 
molecular thermal conductivity 
[Btu/(h ft degF)] ; 
thermal conductivity of copper 
[Btu/(h ft degF)] ; 
eddy thermal conductivity 

[Btu/(h ft degF)] ; 
distance along test element from 
flow inlet [ft] ; 
total heated length of test element 

[ftl ; 
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, m-line-flow Nusselt 
number for a rod in the interior of 
a bundle, in the molecular-con- 
duction heat-transfer regime [di- 
mensionless] ; 
= h,,,D/k, Nusselt number for 
cross flow [dimensionless] ; 

CNu149, = kv.45” D/k, Nusselt number for 
45’-cross flow [dimensionless] ; 

WI903 = kv.90 D/k, Nusselt number for 
W-cross flow [dimensionless] ; 

p, pitch, distance between rod centers 

[ftl ; 
Pe, = (D,v,pC,)/k, P&let number for 

in-line flow [dimensionless] ; 
WI D, free7 = (Du,,,,pC,)/k, P&let number 

based on ufree in cross flow [di- 
mensionless] ; 

WI “, InSXl = (Du,,pC,)/k, P&let number 
based on O& in cross flow [di- 
mensionless] ; 
= C&k, Prandtl number [di- 
mensionless J ; 
local heat flux at angle 8 on the cir- 
cumference of a rod [Btu/(hft2)]; 
local heat flux at forward stagna- 
tion point on the circumference 
of a rod [Btu/(h ft”)] ; 
local heat flux at 8 = 90” on the 
circumference of a rod 

[Btu/hft2)] ; 
heat flux at r1 [Btu/(hft2)] ; 
rod-average value ofq in cross flow 
[Btu/(h ft”)] ; 
radial distance through rod sheath 

[ftl ; 
inside radius of rod sheath [ft] ; 
= (D,u,p)/p, in-line-flow Reynolds 
number [dimensionless] ; 
sheath temperature at radius I 

[“Fl; 
bulk temperature of flowing NaK 
at same distance through bundle 
(or bank) as point at which t, is 
measured [“F] ; 
surface temperature of rod in 
in-line flow [“F] ; 
average circumferential surface 
temperature of rod in cross flow 
at any angle /I PF] ; 
average circumferential surface 
temperature of rod in 45”-cross 
flow c”F]; 
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average circumferential surface 
temperature of rod in 900~cross 

flow [“F]; 
local surface temperature of rod 
at circumferential angle 8 [“F] ; 
local surface temperature of rod 
at forward stagnation point PF] ; 
local surface temperature of rod 
at circumferential angle of 90” 

[“Fl; 
average linear velocity of NaK 
through bundle in in-line flow 

cm1 ; 
average cross-flow stream velocity 
without presence of rods [ft/h] ; 
cross-flow velocity through rod 
bank, based on the minimum 
flow area [ft/h] ; 
electrical energy delivered to test 
element w] ; 
distance along the outside dia- 
meter of the tube measured from 
the forward stagnation point [ft]. 

Greek symbols 

IX angle between axes of rods and the 
direction of flow (see Fig. 18) 
[degrees] ; _ - 

%I* = kJpCi eddy diffusivity of heat 

CfW; 
@GA, 

8, 

l-4 
V, 

P, 
0, 

eddy diffusivity for momentum 
transfer [fP/h] ; 
circumferential angle measured 
from the front stagnation point 
(see Fig. 14) [degrees] ; 
dynamic viscosity [lbJ(ft h)] ; 
kinematic viscosity [ft2/h] ; 
density [lb,,Jf@] ; 
empirical constant defmed by 
equation (8); 
hydrodynamic potential function ; 

= Wfree unit hydrodynamic po- 
tential function; 
unit velocity potential at the rear 
stagnation point of a rod ; 

$9 effective average value of ratio 

c&M. 

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 4Y-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 [l, 2, 31 
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, 51 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 fast 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. 

Abstract 
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2.1. Oxygen control 
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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 25in 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). 

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 ft2 NaK-argon interface. 
Each cylinder of argon was analyzed for 0, 
and H,O before use, and only cylinders showing 
less than 20 ppm of combined O2 and H20 
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-p 
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 ofexperimental studies 

1537 

Bundle (or bank) measurements In-line test section 9C’-cross-flow test section 45”~cross-flow test section 

1. Number of rods in bundle 19 

2. Outside diameter of rods [in] 
3. Shell cross-section 
4. Lattice geometry 
5. Pitch-to-diameter ratio 
6. Distance between end plates 

0500 
4654-in-I.D. circle 
equilatereal triangular 
1.75 
71.5 

bl 
7. Length of rods between plates 
8. Length of rods between flow 

71.5 
62.0 

nozzles [in] 
9. Total heated length [in] 

10. Equivalent diameter [ft] 
44.7 
0.100 

Scope of study 
1. Prandtl number range 
2. Reynolds number range 
3. P&let number range 
4. L,fD, range 
5. Heat flux [Btu/(hft’)] 
6. Temperature range [“F] 
7. Flow direction 

0~013-0~021 0.017 
1200&92000 235&20600 
250-1200 (D,u,,pC,,/k) 40-230 (Du,,pC,,/k) 
124-42.4 - 

18@30000 35Ooo-6oooo 
27M50 &oo 
vertically upward horizontal 

63 (including unheated 
“half-rods” at wall) 
0.500 
7-in high x 6.125-in wide 
equilateral triangular 
1.75 
700 

7.00 
- 

6.75 
- 

63 (including unheated 
“half-rods” at wall) 
0.500 
7-in high x 6.125~in wide 
equilateral triangular 
1.75 
7.00 

9.90 
- 

9.65 
- 

0015 
2600-23 000 
40-350 (Du,pCJk) 
- 

3oooo-4oooo 
2450 
horizontal 

3. IN-LINE FLOW 

3.1. Test section 
This consisted of a nineteen-rod bundle of 

OXlO-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 
2 
3 
5 
6 

s’ 
9 

10 

copper OGOO8-in Ni OGOOl-in Cr 
copper 0*0008-in Ni 
copper - 0+!008-in Ni 
copper - OGOO8-in Ni 
copper OGOO8-in Ni 
copper - 00@08-in Ni 
copper - OGOO8-in Ni 
nickel OQOO8-in Ni QOOOl-in Cu* 
copper - 00008-in Ni 

27.4 (l), 3 1.1 (2), 34.8 (2), 38.6 (2), 43.3 (2) 
all at 38.6 
all at 38.6 
all at 38.6 
124, 16.1, 19.9,23.6,274, 31.2, 34.9, 38.6,42.4 
all at 38.6 
12.4, 16.1, 19.9,23.6, 27.4, 31.2, 349, 38.6,42.4 
all at 38.6 
all at 38.6 

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

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 
P&let 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, 8-111 carried out in recent years for the 
case of heat transfer to liquid metals flowing 
in-line through unba&d 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 l-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 Pkclet numbers). It is 

Nr&& = - 2.79 + 3.97 (P/D) + l-025 (P/D)2 

+ 3.12 log,, Re - O-265 (log,, Re)‘. (1) 

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

Nu = a + j9[JIPe]y (2) 
where 

a = 666 + 3*126(P/D) + 1*184(P/D)’ 
j3 = 00155 
y = O-86. 

They evaluated the quantity J;(= E&J by 
the empirical equation 

proposed earlier by Dwyer [12]. 
Curve A-A in Fig. 1 represents equation (2), 

when $ is taken as unity ; curve B-B represents 
equation (2), with J evaluated by means of 
equation (3); and curve C-C represents equa- 
tion (1). The combination curve C-B-B therefore 
represents the predicted Ah-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. 

The coefficients were calculated by the equa- 
tion 

3.413 w , ~. 
h 

= nDL&, - ta)’ (4) 

25 

0 2 450-530 
+ 3 300 
. 5 280-400 
a 6 300 

I I I I I I I IIIIIIII I I 
IO2 2 3 4 5 6 7 8 9103 k5 2 

Pe 

FIG. 1. Heat transfer to NaK flowing in-line through an unbaBled 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 P&let 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 PUet number of 500 instead of the 
predicted 700. Thus, up to a Pellet number 
of 500, or, in other words, up to a Reynolds 
number of about 25900, 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, 31 published for 
heat transfer to mercury under similar condi- 
tions. At the lower end of the P&let 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 
P&let 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 P&let 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, 31 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 t,. At low flow rates, 

there is a relatively large temperature rise 
through the test bundle, and a small consistent 
error in determining tb would have a relatively 
large effect on the temperature drop, t, - db. 
Owing to the fact that these temperature drops 
are small, it is estimated that only about a 
1 degF error in ta 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, - tb) 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 [ 131. 
Over the five-fold range of Reynolds number 

which was employed, there was no discernible 
effect of flow rate on the value of the Lr/De 
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. 

I I I I 
’ ’ ’ ’ ’ ’ L,/D, &,/De 

28 TEST ELEMENT NO.6 , 12.4 -?F _ 

P/D =I.75 
Pr=0~0!5-0021 

/ / ‘6” 

24 - 

s 
22 - 

20 - 

l6- 

l6- 

l4- 
I I I I I lllll I I 
I 2 3 4 5678910 15 

Pe x IO-’ 

FIG. 2. Heat transfer to NaK flowing in-line through an 
unbaflled 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 LJD, 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. 

3.5.2. Drop in coefficients. About half way 
through the study, the heat-transfer coeffkients 

at the lower P&let 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 P&let 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 diffkulty 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 NaK, (d) 
malfunctioning of thermocouples, (e) malfunc- 
tioning of instruments,(f) oxidation of the surface 
metal, and (g) axial heat conduction. 
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FIG. 3. Heat transfer to NaK flowing in-line through an 
unba&d 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 
P&let range its influence was negligible. A 
best-fit line was drawn through the points in 
Fig. 3 and then used to calculate “contact” 
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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. 

‘;s I ’ I I I I I I 1 
TEST ELEMENTS NO. 7.8,9, 8 IO 

z@ 

\ 

FIG. 4. Effect of flow rate on thermal “contact” resistance 
at surface of test element. 

Subbotin and co-workers [14, 151 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. 

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 [l, 2, 31, 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. 

I I I I I I I I I I I I I1 

I II I I I I I I I I I 

0 4 8 12 I6 20 24 26 32 36 40 44 46 
DAYS OF CONTINUOUS OPERATION 

FIG. 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 Lf/De the coellicients 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- 



HEAT TRANSFER TO NaK 1543 

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. 

Na where the heater sheaths were made of 
copper. 

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 P&let numbers mean 
low flow rates and therefore large temperature 
rises across the test section. In general, the 
temperature difference (t, - tb) 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. 

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 P&let 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. w-CROSS FLOW 

4.1. Theoretical considerations 

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 P&let 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, 181. The first of 
these teams measured rod-average heat-transfer 
coefficients 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. 

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 : 

Heat transfer occurs under steady-state, two 
dimensional flow conditions, 
Eddy thermal transport is negligible com- 
pared to molecular conduction, 
Physical properties are independent of tem- 
perature, 
Contact resistance at liquid-solid interface 
is negligible, 

The second team carried out a similar study with 5. Flow is inviscid and irrotational, 
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6. The hydrodynamic potential distribution on 
the surface of a tube is 

where 
4 = Q/V = unit hydrodynamic potential 

function, 
@ = hydrodynamic potential function, 
I/ = 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. 
41 = 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 P&let 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 

[Art&. = O-718 fi ’ [P ] (D) e “,,...(I ‘4) (6) 

where the circumferential surface temperature 
variation is represented by the equations 

t w.0 - t, = (i,, 90” - tJ - a cos e (7) 

and 

a 
CT= 

t - t; 
(8) 

w, 90” 

The P&Jet number in equation (6) is defined 
by the equation 

[Pe]“, free = Dufry PC,, 
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 0 must be 
determined from experimental results. In Fig. 
6 it is compared with experimental results 
obtained in the present study where 0 was 
obtained from the same experimental results 
and given by the expression 

‘HEOAETICAL Eqmtim (12d 

by HSU [21] 

4 

3 

“-‘THEORETICAL Equotim (6) 
by CESS AND GROSH PO1 

2 l TEST LOCATION 4 

0 TEST LOCATION 5 

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 [Zl] 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 +JD by means of mathematical functions 
originally developed by Howland and Mc- 
Mullen [22] ; and secondly, he expressed the 
surface temperature variation by the equation 

t Iv.0 - t,, 0” = (t,, 90” - t,, 0”) (1 - cos e) (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 

(12) 
for a simple cosine surface temperature distribu- 
tion around the rod, and 

W4oo = 0+3W#O)* 13&ee (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, i.e. equation (7) vs. (11). 
The abscissa in Fig. 7 is [Pe],,,,,, which is 
related to [Pe]“, free by equation 

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

[Nu]~~~ = 0.958 (&/D)* * [Pelf!,,,, 

(124 

(134 
Both of these equations are plotted in Fig. 14 for 
a P/D ratio of 1.40. 
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FIG. 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 h 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. 

4.3. Experimental results 
4.3.1. When only test rod was heated. Figure 6 

shows the results obtained at test locations 4 
and 5 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 

[Nu],,. = @980 [Pe]~~& 

which can be transformed to 

[Nu],,~ = 0.923 (41/D)o’5 o’5 [Pe]gS,,, 

(154 
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, 51 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 ofexperimental conditions under which lines in Fig. 8 were obtained 

1. Investigators 
2. Liquid metal 
3. Surface metal 
4. Rod cladding 
5. Cladding thickness 
6. Wetting? 
7. D 
8. Pe range 
9. S,/D 

10. S,/D 
11. Cold trap? 
12. Thermocouples imbedded in surface? 
13. No. of rods heated 

Hoe et al. [4] Rickard et al. [S] Subbotin et al. [23] 
Hg Hg Hg 
CU cu, Cr Ni 
cu cu Ni 
0.049 in 0049 in 2mm 
yes yes/no yes (?I 
090 in 0500 in ? 
330-1870 20&2000 100-5000 
1.375 1.375 1.2 
1,190 1.190 1.2, 1.3, 144, 1.5 
yes yes yes 
yes yes yes 
test rod only 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 
results would give the equation 

[Nu$,~. = 0.633 [Pe]z;zaX (16) 

and could be considered to represent quite 
well a P/D ratio of 140. Since (&/D) = 3.18 for 
(P/D) = 1.40, we can re-write the above equation 
as 

(164 
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FIG. 8. Comparison of experimental results for W-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 
equation can be reduced to 

present study, this 

[Nu],,. = 0.705 [Pe]z;zax. (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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FIG. 9. Comparison of NaK and mercury heat-transfer 
results for W-cross flow through a staggered rod bank, 
for a rod in the interior of the bank, and for the condition 

of heat flux on the test rod only. 

Because of the high shear and turbulence 
conditions in cross flow through rod bundles, 
the wetting of heat-transfer surfaces by alkali 
metals is apparently no problem. 

4.3.2. When all rods were heated. The results 
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 P&let number (flow rate) 
is increased. By extrapolation, it is found that 
they actually merge at a P&let number in the 
neighborhood of z 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 ah rods 
heated The various curves represent the heat-transfer 

characteristics for different rod locations in the bank. 

FIG. 11. Comparison of heat-transfer resuits for 90”-cross 
flow of liquid metals through staggered rod banks, for a 
rod in the interior of the bank. Curve 2 was obtained from 
1 by making the necessary correction for change in P/D 
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. 

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 1 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 PMet 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 P&let 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 Du,,,,p/p range of 102-lo3 [25]. 
A Reynolds number of lo3 corresponds to a 
P&let number of %20 for the NaK alloy used 
in the present investigation ; and, since the 
minimum P&let number for curve 2 in Fig. 11 
is 40, the flow had to be fully turbulent. The 
same argument applies to curve 3. 

(a) 

LOW FLOW RATE 

tv tw 

f2: ki \ I 

\ jb2 
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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 

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 
PMet range, for the case where all the rods are 
heated, and for the case of P/D = 140. The 
equation of this line is 

CW90~ = 590 + 0.254 [Pe]gy, (18) 

which, for any P/D ratio, becomes 

+ O-2665 [Pe]z;gz>. (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 

[Nu]~,,~ = (+)(y)+ (5.24 

+ O-225 [Pe]:;::). (20) 

Equations (12a), (13a), (19X and (20) are all 
compared in Fig. 13 for a P/D ratio of 140. It 
is clear that in the intermediate P&et range the 
theoretical equations agree very satisfactorily 
with the empirical ones. However, at the low 
and high ends of the P&let 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 

5F 
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the P&et range normally scouters in 
commercial heat exchangers, test-rod-heated- 
only data are dependable for design purposes. 

FIG. 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 experimeutal results 

obtained in this and previous studies [4,5,23]. 

4.3.3. Local ~e~t-tra~~~ coe~cients. The 
design of the test rods used in the present study 
is explained in detail in [Z]. 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 0500 in, and the 
thickness of the copper sheath was O*lOO 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. 

t W, 90” - tw.0 (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, 0). This was then differentiated to give 
at/& = ffr, @), from which i3t,&),,,, = f(@ was 
obtained. Finally, k for any value of 0 was 
obtained from the heat-balance equation 

(25) 

Because the rod sheaths were quite thick and It was found that the circumferential variation 
made of copper, there was appreciable cir- of h was the same whether all rods in the test 
cumferential heat flow through it. Hence the section were heated or whether only the particular 
heat flux from a rod to the flowing NaK varied test rod was heated. It was further found that 
around the circumference. So, in order to de- the relative variation of he, i.e. h&w,90~ or 
termine local coefficients around the rod from h~ho~, around the c~cu~eren~e was almost 
the local surface temperatures, it was first independent of PWet number (flow rate). 
necessary to estimate the local heat fluxes. This These observations confirm the validity of 
was done as follows [4]. assumptions 2 and 7, respectively. It was also 

The partial differential equation for steady- 
state heat conduction in the copper sheath with 
two dimensional heat flow is 

a% 1 at 
$+;~r+f$=” fW 

The assnmption is made that the heat ff ux at the 
inner wall of the copper sheath is uniform 
which gives us the first boundary condition, i.e. 

4k=rl = a constant = c = -- 
k, 

(22) 

It 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. 

t w.9 - t,*a. = a(1 - cos S). (231 

In some cases, it was found that when a equalled 
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confirmed that 

h kv.90.. 90” = (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. 

FIG. 14. Experimental heat-transfer results for W-cross 
flow of NaK through a staggered rod bank showing the 
circumferential variation of the local heat-transfer coefhcient. 

If we ignore the slight variation of the ratio 

he/k, 90” with Pkclet number, we can express it 
by the empirical equation 

Wkv.9,. = 1 - 1.22 cos (180 - 0) 

for 0” < 8 < 90”, and by the equation 

(27) 

hdkv.90. = 1 - 0.58 cos (180 - 0) (28) 

for 90” < 8 < 180”, where &,, 90” ‘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 &,90 is not h, averaged over 
the circumference of a rod. It is based upon the 
average surface temperature and the average 
heat flux. 

2.49 
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FIG. 16. Circumferential variation of the local heat flux 
obtained in the present study, for W-cross flow, and for a 

rod in the interior of the bank. 
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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. 

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 F’LOW 

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 

[Nu]~ = 1.064 A 
( > 

+ lPe]$,rrce 

x [(l - e2) + (1 - e2)*]+ 

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 = (a2 - b’)*/a = eccentricity of the 
ellipse; and E = the complete elliptical integral 
of the second kind, defined by 

(1 - e2 sin2 A)* dl. (30) 

Hsu has given values of 4,/(a + b) in graphical 
form for both triangular and square arrays. It 
so happens that the relationship between 
4/(a + b) and (a + b)/P is the same as that 
between q5JD 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, fi, approaches 
zero, i.e. parallel flow. For the range lo” < p < 
90”, Hsu [27] has proposed a reliable modilica- 
tion of this equation. It is 

[NulB = O-958 (4#4’ LiPeli!, free 
x (1 - e2) + (1 - e2)+ 

[ 1 * 

2 - e2 (31) 

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 

[&la = 0.958 (&/D)* ’ [WZL,, 

x [si’t ;~$;‘]‘. (32) 

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

40 / 1 I I I I I 

FIG. 17. Dependence of the normalized hydrodynamic 
potential drop, 4,/D, on the D/P ratio, for perpendicular 
flow through rod bundles or tube banks having an equi- 

lateral trianaular soatial arranaement (from Hsu r211b 
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For the case of uniform heat flux, from 5.3. Experimental results 
equation (13a) it is seen that the coefficient in 5.3.1 When only the test rod was heated. The 
equations (31) and (32) should be changed to bulk temperatures on which the calculated 
0.810. heat-transfer coefficients are based were defined 

in the same manner as those for the 9O’-cross- 
5.2. Experimental equipment and prflcedures flow coefficients. 

These were very much the same as for the The rod-average heat-transfer coefficients, 
90”-cross-flow study. The rod size, number, and in terms of Nusselt numbers, are shown in 
spacing were the same. The distance between Figs. 18 and 19. In Fig. 18 lines A-A and B-B 
the top and bottom plates of the rectangular represent equations (29) and (32), respectively- 
shell was also the same. The only difference the theoretical equations by Hsu. 
was that the rods were inclined at a 45” angle 
with respect to the horizontal. A schematic 

20 

side view of the test section is shown in Fig 18. 
15 
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FIG. 19. Experimental heat-transfer results for 45”~cross flow 

Ftc. 18. Nusselt numbers for 45”~cross flow of liquid metals 
of NaK through a staggered rod bank, with only the test 

through a staggered rod bank, for rods in the interior 
rod heated. Lines represent heat-transfer characteristics 

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

The data points and line C-C represent experimental results 
obtained in the present study with NaK, while lines A-A 
and B-B represent theoretical equations (29) and (32) 

proposed by Hsu [26,27]. 
Line A-A falls 25-40 per cent above C-C ; 

and line B-B, 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 

Data were not taken at rod locations 3, 7, 8, well with the 90”-cross-flow results; and there- 
and 9. Further information on the design of the fore, since the accuracy of the 45”-cross-flow 
45”-cross-flow test section, as well as on the results should be just as high as those, the 
scope of this portion of the work, is given in only conclusion is that both equations (29) and 
Table 1. (32) are not reliable for values of /? far from 90”. 
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The apparent reason for this is the assumption temperature striations in the NaK stream were 
(made in their derivations) that oblique flow giving us our erroneous exit temperature read- 
across a circular rod is the same as perpendicular ings. This was confirmed when temperature 
flow across an elliptical rod, as far as convective data were taken with only the first three rows 
heat is concerned. It is obvious that this is not of rods heated. Under those conditions, the 
so at the limit where B + 0. In that case, Hsu’s succeeding six rows thoroughly mixed the 
model reduces to the case of flow past a flat stream, and the exit temperature readings 
plate rather than in-line flow through a bundle indicated heat losses in the proper range, i.e. 
of rods. l-5 per cent. 

Line C-C in Fig. 18 represents the equation 

[NuldSO = l-014 [Pe]~,$& (33) 

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 40-400 P&let range is 
not sacrosanct, as we saw earlier. 

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

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 

[NU]# = 084 [Nu],,. [si’: “+:i$fij+ (34) 

as a close approximation for: oblique flow, a 
rod in the interior of a bank, test rod heated 

only, 40 d W,.,,, < 400, and 30” 5 B < 90”. 
This equation says that as j? 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 l-5 per cent, depending upon 
the flow rate. This led us to suspect that there 
was inadequate mixing in the bank, and that 

/ / / 

FIG. 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 
because its thermocouples would be in 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 (&,,,. 450 - tb) 
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 x 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 p ,< 90”. 

x 5.44 + 0228 [Pe]~,$~~ . (35) c 1 
For the caseLof uniform heat flux,;he last 
square-bracketed term should be changed to 

4.60 + 0.193 [Pe] z;z& (36) 

5.3.3 Local heat-transfer coeficients. 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 coefftcients for the 45a-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. 

Thus, the curves in Figs. 14 and 15 are also 
applicable to the 45”~cross-flow situation. 
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R&ur&-On prtsente les resultats d’une etude exp&rimentale complete sur la chaleur apportee a du Nak 
s’ecoulant ii travers des faisceaux (ou rangees) de barreaux sans ecrans. 

Les resultats de I’ecoulement longitudinal sont don&s sur neuf barreaux essay&s differents situ&s au 
centre d’une faisceau de 19 barreaux. 11s ont ete obtenus avec des protils de vitesse et de temperature 
entibrement dtablis et aussi dans le cas de la region d’entree. Les rtsultats pour les cinq premiers barreaux 
essay&s etaient en trbs bon accord avec les previsions theoriques et avec les rtsultats precedents sur le 
mercure; mais, ceux sur les quatre derniers barreaux sont entierement dans le regime de conduction 
moltculaire (faibles nombres de P&let). Plus la vitesse d’ecoulement est faible, plus les coefficients di- 
minuent, ce qui indiquent la presence d’une resistance interfaciale qui est trb sensible a la vitesse de 
l’bcoulement. On en a conclu que la tlifftcultt provenait du mouillage mediocre de la surface chauffante. 
La concentration d’oxygbne dans le Nak Ctait constamment &gale ii 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 resultats ont ttC tgalement obtenus pour des tcoulements perpendiculaires et a 45” a travers les 
faisceaux de barreaux, dans le cas oti seul le barreau essay& Ctait chauffe et dans le cas ou tous les barreaux 
l’etaient. On a effect& des mesures pour des barreaux places rl divers endroits dans le groupe, et on a 
obtenu les coefficients de transport de chaleur en chaque point de la circonference et les coefftcients 
moyens. 

Les resultats de l’ecoulement perpendiculaire dtaient en bon accord avec des resultats publits prectdem- 
ment sur le mercure, et avec les previsions basees sur la correlation theorique de Hsu [21]. Dans la region 
des faibles nombres de Ptclet, les coefficients dans le cas oh tous les barreaux sont chauffes etaient beaucop 
plus tlevts que ceux dans le cas oti seul le barreau essay& ttait chauffe, mais la difference diminuait lorsque 
la vitesse de I’ecoulement augmentait. 

Les coefticients pour l’tcoulement a 45, plus faibles que les previsions theoriques de Hsu [26, 271 
ttaient egaux a 75 % de ceux pour le cas de I%coulement a 90”. 

La variation en fonction de l’azimuth du coefficient de transport de chaleur normalist est indtpendante 
de la vitesse de I’bcoulement pour les deux directions de l’&coulement a 90”. La variation de la temperature 
de surface le long de la circonference Ctait celui d’une simple fonction en cosinus, pour les deux types 
d’ecoulement. 

Sur la base des resultats obtenus dans cette etude, confirm&s par des r&mats theoriques et experimen- 
taux anterieurs, on propose des equations semi-empiriques pour predire les coefficients de transport de 
chaleur pour les ecoulements a 90 et a 45., dans le cas oh seul le barreau essaye est chauffe et dans celui 

ou tous les barreaux sont chauffes. 
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Zusamme&s.smtg-Der Bericht vermittelt die Ergebnisse einer umfangreichen experimentellen Unter- 
suchung iiber den mrmetibergang an NaK, das durch Stabbiindel ohne Einbauten stromt. Es werden 
Ergebnisse wiedergegeben fii neun verschiedene Versuchsstibe, die in der Mitte eines Biindels aus 19 
St&n angeordnet ind und axial ang~tr~mt werden. Die Versuche wurden sowohl bei abgeschlossenem 
hydrodynamischen une therm&hen Einlauf, als such im Einlaufsbereich durchge~hrt. Die Ergebnisse 
der ersten 5 Versuchsstabe sind in brauchbarer Ubereinstimmung mit theoretischen Voraussagen und 
friiheren Versuchen, die mit Quecksilber durchgefiihrt wurden. Die Ergebnisse fur die letzten 4 St&be 
liegen jedoch unterhalb des Gebiets der molekularen Warmeleitung (kleine Pecletzahl). Je geringer die 
Massenstromdichte wird, desto geringer werden such die W;irmetibergangszahlen. Dies deutet auf einen 
Widerstand an der Kontaktfliiche hin, der sich stark mit der Massenstromdichte %ndert. Dieser Unstand 
wird auf eine unvollko~ene Benetzung der wiirmeabgehenden Flilche und auf die Anwesenheit von 
Schutzgas an dieser Fl&che zu~ckge~hrt. Die Sauersto~onzentration in NaK war zu jeder Zeit kleiner 
als 25 ppm. Das ist weit weniger, als die der klitesten Stelle des Kreislaufs entsprechende Slittigungs- 
konzentration. 

Bei den Versuchen mit querangestrijmten (90”) und schr&g angestromten (45”) Stabbundeln wurde 
entweder nur der Versuchsstab oder alle St&e heheizt. Die Messungen wurden bei verschiedenen Stab- 
positionengemacht.Sowohldiemittleren W%rmetibergangszahlen am Stab,als such dielokalen W&rneti- 
hergangszahlen am Umfang wurden ermittelt. 

Die Ergebnisse der Versuche bei senkrechter Anstr6mung sind in guter ~~r~nsti~ung mit friiher 
ver6ffentli~ht~ Ergebnissen mit Quecksilber und mit Berechnungen nach der theoretischen Beziehung 
von Hsu f21j. Werden aJle St&be beheizt, so liegen die W%rnei%ergangszahlen 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 schrager Anstromung unter 45”, die niedriger liegen als die theore- 
tischen.Vorhersagen von Hsu 126,271, betragen 75 y0 der Werte bei 90” Queranstriimung. 

Die Anderungen der ortlichen, bezogenen W~rme~bergangszahlen in Umfangsrichtung sind unabhln- 
gig von der Massenstromdichte und sind die gleichen bei 45” und 90 Anstr~mrichtung. Bei b&den Ans- 
triimrichtungen ist der Verlauf der O~rfl~chentem~ratur in Umfangs~chtung der einer einfachen 
Kosinusfunktion. 

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

beheizt wird, oder ftir den Fall, dass alle St&be beheizt sind. 

k3HOTBqR8-B CTaTbe npUB0~~~~ peay~bTaT~ 06m~pKOrO 3KCnOp~MeHTa~bHOFO UCCJteRO- 
nanan nepeuoca Tenna K NaK, Tenymexry sepea ny=i~u ~py6 6ea neperoponoolc. 

Coo6maroTcfi ~atrn~e OII~~TOB ~nfr napannenbworo pacnono)+teUUa cTepmHe#,nonyUeHHbte 
Ha~eBRTKpaanHYHbIXCTepH(HR[X,~OMemeHH~XnOOAHHOYKeBqeHTpenyYKaUaAeBKTaa~~aTII 
CTepmHeti. OnbtTbt npOBOnAiIUCb npU nOJXHOCTbIO yCTaHOBUBmUXCR npO@UJIfiX CKOpOCTU ki 
TeMnepaTypbt,aTaK~eBOBXOAHOltlo6nacTn. Pe3yJIbTaTblnJtnnepBbIXnRTUCTep~HetiXOpOmO 
cornacymTcn C TeopeTUsecKUUU pacUeTamU, a TaKxe c paHee nonyUeaKbtMU AaUUbtrU _rtaLnR. 
pTyTU; HO peQ"JlbTaTbl AJUT nOC~eAHUX UeTMpeX CTep?KHeU OTHOCRTCR K pe?KUUy HUaKOti 
MO~eKy~KpHO~ Ten~OnpOBOAHOCT~ (MaJIMe UUCna ffeKJIe). 9eM HUHCe CKOpOCTb .B,BUUteHUJi, 
TeM MeHbme KOZI@#UnUeHTbI. 3TOT tpaHT yKaab3BaeT Ha HaJIUYUe COllpOTUBJIeHUn Ha rpaHUue 
pa3neJIa @aZi,BeCbMa 'JyBCTBUTeJIbHOrO K CKOpOCTM TeUeHUR. MOWHO 3aKJtH)YUTb,UTO Tpyn- 
HOCTb BblaBaHa HeUneaJIbHbtM CMaYUBaHUeM nOBepXHOCTU HarpeBa. HOHueHTpauUn KUCJIO- 
pOAa B NaK COCTaBJIRJla 25 =laCTeltt HaMHnJIUOH B KaHtnOM CnyUae,UTO MHOl'O HU?Ke ypOBHH 
UacbtrqeHUfl,cooTBeTc~yromero caMoU xonon~oU nbip~y~tnnU0~~0U neTsm. 

TaKme noJiyUeHn pe3ynbTaTbI ~&a%% nonepeqHoo6TeKaeM~x (90") U KOCOO6TeKaeM~X (45') 
~~UKOB cTep~He~ npU yc~o~~~ narpesa rojlbno onnoro ~cc~eAye~or0 crep~rin n~~tf o~no- 
BpeMeHHOI'O HarpeBa BCeX CTepHiHeti. npOBOgUJtUCb U3MepeHUR AjIR HeCKOJIbKUX paCUOnO- 
meHUl cTepmseU B nyUKe; nOJtyYeHbI yCpeJJHeHHbte U JIOKaJIbHbte KOB@@iUUeHTbt TennO- 
o6MeUa. 

PeaynbTaTbtnnfi nonepesHoo6TeKaeMbtxnysKoBxopomo cornacytOTcU cpaHee ony[insKo- 
BaHHbIMUnaHHbtMUnJIRpTyTU UCpaC'teTaMU,OCHOBaHHMMUHa TeOpeTU9eCKOM COOTHOIlIeHUU 
xCy[21]. npU MaJIbrX UUCJtaX ffeKJIe U OAHOBpeMeHHOM HarpeBe CTep?i(HeU KO@l#inUeHTbt 
OKaa~BamTC~ ~~aqKTe~bH0 3bIme,9eU AnU CJIyUaR HarpeBa TOnbKO O+?tHOl-0 CTepYKHR, U 3Ta 
pa3HU~a y~eHbmaeTc~ c yBe~~qeHueM C~0p0CTtl noToKa. 

KOaI$@iUUeHTbI Ann KOC006TeKaeMbIX ny'tKOB OKat%tBatOTCR HUH(e KOe@@fUUeHTOB, 
HaUneHHbIX TeOpeTUreCKU XCy [26,27], M COCTaBJIRtOT 75% OT KOZB#+inUeHTOB ASKI CJlyUaR 

nonepeqaoro 06TeKaHUR. 



1558 SHELDON KALISH and ORRINGTON E. DWYER 

Hattneao, YTO a3HMyTaJIbHOe Il3MeHeHEle JIOKaJIbHOFO HOpM3JlH3OBaHHOrO KO3@@W4eHTa 

TenJlOO6MWa He 3aBHCkiT OT CKOpOCTIl AJIH BCCJIe~OBaHHblX paCnOJIO?KeHfifi DyVKa II0 OTHO- 

~eH~~~~eKTopy~~Op0C~~~a6eram~ero~o~oKa.~~flo6o~x T~noBTeqeH~~TeM~epaTypHoe 

pacnpe~e~eH~e Ha noBepx~ocT~ mseeT ~~~c~~yco~Aa~bH0~ ~~HK~~K. 

Ha OCHOBe ~O~yYe~~~X pe3yJIbTaTO%, ~O~~Bep~AeHH~X TeopeT~yecK~~~ Es sKenepa- 

MeHTaJlbHbIMA AaHHblMH, npeAsaramTcs nonyamepwrecmie ypaBKefmi ABR 0ueKKil 

KO3I@MIJkieHTOB TenJIoo6nIeHa nonepewo- 11 KOC006TeKaeMblX Ily'fKOB B CJIy'lae HarpeBa 

TOJIbKO OAHOPO CTepmHR llJlIl BCeX CTepxHeft OAHOBpeMeHHO. 


