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EXPERIMENTAL INVESTIGATION OF FORCED-CONVECTION HEAT-TRANSFER
CHARACTERISTICS OF LEAD-BISMUTH EUTECTIC

By Bernard Lubarsky

SUMMARY

The forced-convection heat-transfer characteristics of an eutectic
mixture of lead and bismuth were experimentally investigated., Data were
obtained for lead-bismuth flowing in a circular tube with heat addition
and for lead-bismuth flowing in an annulus with heat extraction from the
inmmer surface, Data were also obtained with about 0.04 percent by
weight of magnesium added to the lead-bismuth to promote wetting of the
heat-transfer surfaces. The investigation covered an over-all range of
Peclet numbers from 250 to 3800.

The results of the investigation showed that experimental values of
Nusselt number for lead-bismuth fall considerably below values predicted
by equations generally used for liguid-metal heat transfer. The addition
of magnesium to the pure eutectic, to cause wetbting of the heat transfer
surfaces, did not change the heat-transfer characteristics of the lead-
bismuth,

INTRODUCTION

In view of the potential usefulness of liquid metals in power and
propulsion applications where high temperature heat transfer media are
required, and because relatively little is known about liguid-metal heat
transfer, a research program has been instituted at the NACA Lewis labera-
tory to obtain fundamental information on heat transfer between liquid

netals and surfaces.,

This report presents the results of an experimental investigation
of the heat-transfer characteristics of lead-bismuth eutectic. Data
were obtained for heat addition to lead-bismuth flowing in a circular

tube and for lesd-bismuth flowing in an annulus with heat extraction
from the inner surface. The effect on the heat-transfer characteristics

of adding a wetting agent (magnesium) to the lead-bismuth was
invegtigated,
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The investigation covered an over-all range of Peclet numbers from
250 to about 3800,

APPARATUS

A photograph of the test setup is shown in figure 1l; a schematic
diagram of the flow path of the liguid metal is shown in figure 2.
From figure 2, it can be seen that the l1iquid metal flows into the
circulating pump from the storage tank, The liguid metal is pumped
through the test and heating sections (shown in more detail in fig. 3),
then flows through a cooler and a back-pressure regulating valve into a
flow-measuring tank. From the flow-measuring tank, the metal is returned
to the storage tank., The components of the setup are described in more
detail in the following paragraphs:

Storage tank, - The storage tank serves as a reservoir for the
liguid metal when the system is not in operation and maintains a
relatively constant head of metal at the pump inlet when the system is
in operation, The tank is made of 347 gtainless steel and has an inner
diameter of 24 inches and a depth of about 13 inches, An air-actuated
valve was located at the tank exit to control the filling and emptying
of the tank., During operation, the space above the 1igquid metal was
filled with argon.

Circulating pump. - The circulating pump is a Moyno Frame 4C-4,
Type 5SG, progressing-cavity pump driven by a 5 horsepower electric A
motor through a v-belt type of variable-speed transmission., The pump
rotor and stator were of 316 and 416 stainless steel, respectively.
Graphite and asbestos packing was used for ths sealing gland. The
liquid-metal flow rate was controlled by varying the pump speed,

Test and heating section., - The test and heating section (see
fig. 3) consists essentially of one stainless-steel tube suspended within
another., The section 1s mounted vertically and liquid metal from the
pump flows upward in the inner tube and downward in the annular passage
between the inner and outer tubes. The upper portion of ths section is
heated by passing an electric current through it. Therefore, in the
lower portion, which is the test section proper, the liquid metal is at
a higher temperature in the annulus than in the center tube; and heat
is transferred from the liquid metal in the annulus to that in the center
tube. This arrangement prevents heat from being generated in the liquid
metal, which is an electric conductor, in the test section proper. Also,
inasmuch as the rest of the circulating system is at the same electric
potential as the lower electric contact, no current flows through this
part of the system.

The test and heating section was made of 347 gstainless steel. The

inmer tube had an outside diameter of 0.5 inch and a wall thickness of -
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0.049 inch., The outer tube had an outside diameter of 0,75 inch and a
wall thickness of 0.0625 inch, The lowsr or test section was 40.2 inches
long, and the upper or heating section was about 48 inches long. Mixing
chambers were provided at each end of the test section for both the

inner and outer passages. These chambers contained baffles for mixing
the ligquid metal prior to measuring the mean temperature. The liquid
metal temperatures were measured by means of chromel-alumel thermocouples
located downstream of the baffles in the mixing chambers,

Cooler. - The lead-bismuth leaving ths test section was cooled to
below the maximum permissible pump temperature in a cooler. This was
simply a length of stainless steel tubing surrounded by an annular
pagsage through which water was passed.

Back-pressure regulating valve. - An air controlled, l-inch valve
made of 347 stainless steel was used as a back-pressure regulating valve
to keep the annular passage in the test and heating ssction full of
liquid metal, This was necessary to prevent burnout of the heating
gection and to make certain that the test data were taken with the
annulus of the test section full of liquid metal. An electric contact
located at the top of the heating section was connected with an indicator
light to show when the annulus was full.

Flow-measuring tank, - The flow-measuring tank was made of
347 stainless steel., It had an inside diameter of 10 inches and a
height of 17 inches. An air-actuated valve located in the bottom of
the tank controlled the filling and emptying of the tank, Electric
contacts, located at different depths in the tank, were connected to a
clock circuit, Operation of the tank was as follows: When a flow
measurement was to be made the valve was closed and the tank started
to £ill with liquid metal, When the liguid metal touched the first
contact the clock started., When the tank filled enough for the metal
to touch the second contact, the clock stopped and the valve opened ,
From the tank volume between contacts and the time required to fill
this volume, the volume rate of flow was obtained. Thermocouples were
located in the tank to measure the temperature and, hence, the density
of the liquid metal. The weight flow was obtained from the density and

volune-flow rate,

Contacts were provided for two volumes to more easily accommodate
high- and low-flow rates. During operation, the space in the tank above
the surface of the liquid metal was filled with argon.

Electric equipment., - Power was supplied to the heating section from
a 208 volt, 60 cycle supply line through a saturable-core reactor, and
a gtep-down power transformer., The capacity of the heating equipment
was 100 XVA with 25 volts at the transformer‘'s secondary terminals, The
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saturable-core reactor permitted voltage regulation from the maximum of
25 volts down to about 1 volt, The low-voltage leads of the transformer
were connected through copper bus bars and flexible leads to the heating
section, About 70 KVA of additional electric power was available for
the starting heaters. These heaters were of nichrome wire insulated by
ceramic beads. They were wrapped around each component of the setup

and connecting piping for the purpose of heating the entire system above
the melting point of the liquid metal.

Chromel-alumsl thermocouples were peened into the walls of the

various pieces of apparatus to measure the temperatures of the components.

Migcellaneous. - The various components of the setup were connected
by either welded or flanged Joints. All welds were made with 347 stain-
less steel welding rod. All flanges were of 347 stainless steel with
Anchor Packing Company, Ankorite 484-A gaskets.

The entire apparatus was thermally insulated by a covering of
85 percent magnesia and insulating cement.

Provision was made for purging the entire system with argon.

PROCEDURE

The test procedure was as follows: The entire system was purged
with argon for one hour. Starting heaters were then turned on and the
apparatus was heated until all temperatures were above the melting
point of the liquid metal, The pump was then started and the storage
tank valve opened, beginning operation. The main power supply to the
heating section was then turned on and set at the desired level; the
starting heaters were turned off., Fluid velocity was set at the desired
level by adjusting the pump speed, After equilibrium conditions had
been obtained, all the fluid temperature readings were recorded and
the flow rate was measured, This procedure was repeated for a range
of flow rates.

SYMBOLS
The following symbols are used in this report:
a a congtant

b a constant

B a function defined by equation (18a) of the appendix

2231
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cp specific heat of liquid metal in test-section inner passage ,
Btu/1b, °F

Cp' specific heat of liquid metal in test—section annulus,
Btu/1b, OF

D ingide diameter of test-section inner passage, 0.0335 ft

Dl outside diameter of test-section inner passage (inside diameter
of test section annulus), 0.0417 ft

D, outside diameter of test-section annulus, 0.0521 ft

h film heat-transfer cocefficient inside of test-section inner
passage, Btu/sec, sq ft, OF

nt film heat-transfer coefficient outside of test-section inner
passage, Btu/sec, sq ft, OF

k thermal conductivity of liquid metal in test-section inner
passage, Btu/sec, sq ft, OF/ft

k! thermal conductivity of liquid metal in test-section annulus,
Btu/sec, sq ft, OF/ft

K, thermal conductivity of inner tube material (347 stainless steel),
Btu/sec, sq ft, OF/ft

L length of test section, 3.35 ft

Nu Nusselt number of liquid metal in test-section inner passage,
hD/k

Nut Nusselt number of liguid metal in test-section annulus,

1 - ]

h'(D, Dl)/k

Pe Peclet number of ligquid metal in test-section inner passage,
oVD Cp/k

Pe! Peclet number of liquid metal in test-section annulus,
otV (DZ-Dl) cp'/k'

Q total heat transferred, Btu/sec

S heat-transter surface area of test-section inner passage, sq ft

S! heat-transfer surface area of test-section annulus, sq ft
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i) temperature of liguid metal entering test-section inner passage,
OF -
Tyt temperature of liquid metal entering test-section annulus, op
To temperature of liguid metal leaving test-section Inner passage,
OF
[aV]
o
Loe temperature of ligquid metal leaving test-section annulus, OF =
A velocity of liquid metal in test-section inner passage, ft/sec
Vi velocity of liquid metal in test-section annulus, ft/sec
W welght flow of liquid metal, 1b/sec
X a constant
AT average temperature difference between liguid metal in annulus
and that in inner passage, [(Ti' + TO')-(’I‘O + Ti)]/z, OF
AT average temperature difference across liguid-metal film on inside .

of inner passage, OF

ATf' average temperature difference across liguid-metal film on outside c
of test-section inner tube, OF

temperature difference across the material of the test-section

m

inner tube, OF
o) density of liquid metal in test-section inner passage, lb/cu ft
p! density of liguid metal in test-section annulus, 1b/cu ft

ANATYSIS OF DATA

The heat-transfer coefficients for heat addition tc lead-bismuth
flowing in the test-secticn center passage and for lead-bismuth flowing
in the test-section annulus with heat extraction from the inner surface
are defined as follows:

Q
h = g7 (1)
I .
Bt (2)

S'AT," -
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The values of Q, S and S' are known since

Q = We, (Ty-Ty) (3)
S = #DL (4)
St = ﬁDlL (5)

The specific heat cp and all other physical properties of the
liquid metal used in this gection are evaluvated at the arithmetic average
of tho inlet end outlet temperatures of the pertinent test-secticn
passage (center passage or annulus). The physical properties of the
eutectic mixture of lead and bismuth are obteined from reference 1 and
are snhown as functicns cf temperature in figure 4. In some cases
extrapolation of the data was necessary, and for these conditicns the
curves are shown dotted,

To ccmplete the determination of h and h' by means of equa-
tions (1) and (2), there remains the problem of determining AT,

and ATe'. The overall-average temperature difference between the lead-
bismuth in the annulus and in the center pasgsage is

s [(Ti»+To');(TO+TiJ (6)

The overall—average temperature difference may be divided into
three parts

AT = ATy + AT, + AT, (7)
The temperature drop through the wall of the inner tube is
Dy
Q 1089(35)
2oL

where k, 1s evaluated at the average of the liguid-metal temperatures
in the center passage and annulus. The variation cf k; with temperature

AT, = (8)

ig shown in figure 4.
Combining equations (6), (7) and (8) gives
Q lo (il
Ti'4To'  T14To €e\D

AT + ATp! = " (9)

2 2 2nkyL




8 NACA RM E51GO2

In order to determine ATf and ATf', another relationship

between AT, and ATp! must be found. The ratio AT¢/ATe! can be
determined as follows: From equations (1), (2), (4) and (5)

AT D.h!
£ _1_ (10)
AT¢'  Dh
but by definition
M = 2D (11)
k
and
h'(DZ-Dl)
Nu' = —— (129

Equation (10) may therefore be rewritten, using equations (11)
and (12)

L X = (15)

Here, in order to analyze the experimental data, an essumption
must te made as to the value of the ratio Nu'/Nu. The following
relations for Nu and Nu' are suggested in reference 1 and are
currently, commonly used for engineering calculations,

Nu

1

7 4+ 0.025 (Pe)?+3 (14)

Nu'

5.8 + 0.020 (Pe')0-8 (15)

It will be assumed In this analysis that the absolute values of Nu
and W' are not necessarily given by equations (14) and (15), but that
the ratio Nu’/Nu, for the purpose of substitution in equation (13), can
be obtained from equations (14) and (15). A discussion of the effect of
this assumption is found in the appendix.

Accordingly, the ratio, Nu'/Nu, was assumed to be

Nu! - 5.8 + 0.020 (Pe[)O-B "
M 7 4 0.025 (Pe) 05

1222
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and equation (13) becomes

AT¢ g+ D1 5.8 4+ 0.020 (Pe')9-8 (17)
ATg' kK Dp-Dy 7 4 0,025 (Pe)C-8

The Peclet numbers are defined

oVDc
Pe = —?E (18)

and

o'W*(Do-D+)c,!?
Ty ( 12{' l) P (19)

where V and V' are readily determined

% 42 (20)
nD%p
and
v o= . (21)

% (D2-D; %)o!

The temperature differences ATf and AT¢' can be determined by
simultanecus solution of equetions (C) and (17).

The heat transfer coefficients h and h' are determined frcm
equations (1) and (2), and the Nusselt rumbers INu and DNu' from
equations (11) and (12).

RESULTS AND DISCUSSION

The bagic data obtained in this investigation are listed in
table I.

Heat transfer with no wetting agent., - Liquid-metal heat-transfer
data are generally correlated by plotting Nusselt number against
Peclet number., Figure 5 shows such a plot cf data cbtained in the
present investigation with the eutectic mixture of lead and bismuth
(44.5 percent bty weight cf lead)., Figure 5(a) shows the first set
of runs (numbers 1 to 23), and figure 5(b) shows the second set of runs
(numbers 24 to 50). The second set cf runs was taken at a later date
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than the firet set; the data of the second set are more consistent due
to improved operating techniques., No wetting agent was used in
obtaining the data of figure 5, and lack of "tinning™ of the surfaces
in contact with the liquid metal indicated that no wetting wes
obtained. Data are shown for heat addition tc the ligquid metal in the
center passage of the test section, and for heat extraction from the
liquid metal in the annulus., Included in figure S5 are curves repre-
senting equations (14) and (15) (reference 1).

It is seen that the present data falls considerably below the
values predicted by equations (14) and (15). The agreement between
the present data and the reference curves becomes somewhat better as
the Peclet number is increased. As the Peclet number approaches
zero, the present data appear to approech a limiting value of
Nusselt number which is in substantial agreement with the predicted
values for laminar flow. These values are 3,65 for heat transfer at
constant wall temperature and 4,36 for constant heat input per unit
length of passage (references 2 and 3).

Heat transfer with wetting agent. - Figure 6 shows the data
obtained with about 0,04 percent by weight of magnesium added to the
lead-bismuth eutectic to promote wetting of the heat-transfer surfaces.
Figure 6(a) is the first set cf runs (numbers 51 to 75) with magnesium
added, and figure 6(b) is the second set of runs (numbers 76 to 100)
with magnesium added. The second set of runs was taken at a later
date than the first set; both sets were taken at a later date than the
runs with no magnesium added. The consistency of the data improves
with time due to improvements in operating technique. Included in
figure 6 are curves representing equations (14) and (15).

"Tinning" cf the surfaces in contact with the lead-bismuth indicated
that, whereas the pure eutectic did not wet the stainless steel surfaces,
the addition of about 0.04 percent magnesium caused wetting of the
stainless steel surfaces., It 1s seen that the data in figure 6 again
fall considerably below the values predicted by equations (14) and (15).
The agreement between the present data and the reference curves becomes
somewhat better as the Peclet number is increased.

Figure 7 is a summary plot showing the data of figures S and 6.
Within the accuracy of the experimental data, no noticeable effect of
wetting was obtained. A similar result was presented in reference 4,
where it was found that the heat transfer between surfaces and mercury
was the same, regardless of whether the liquid metal wetted the walls
or not.
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SUMMARY OF RESULTS

The results of this investigation of forced-convection heat transfer
between stainless steel surfaces and the eutectic mixture of lead and
bismuth, for Peclet numbers from 250 to 3800, can be summsrized es
follows:

1. The present experimental values of Nusselt number fall con-
siderably below values predicted by equations which are generally used
for ligquid-metal heat transfer.

2. The addition of about 0.04 percent by weight of magnesium
to the pure eutectic, to cause wetting of the heat-transfer surfaces,
did not change the heat-transfer characteristics of the lead-bismuth,

Lewis Flight Propulsion Laboratory,
National Advigory Committee for Aeronautics,
Cleveland, Ohio,
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AFPENDIX - ASSUMPTIONS NECESSARY TO ANALYZE THE DATA

Inasmuch as wall temperatures of the inner tube were not measured
in the present investigation, only the overall heat-transfer coefficient
could be obtained directly from the data. The separate surface
coefficients for the inner tube and for the annulus cannot be obtained
without introducing assumptions as to their functional relation with
other measured parameters such as Reynolds or Peclet numbers.

Assumption of equation (16). - It was assumed previously that the
relations given in reference 1 (equations (14) and (15)) could be used
to find the ratio, Nu'/Nu, and that the value of Nu'/Nu thus found
applied for the present data. Thils resulted in equation (16), which 1is
here repeated.

Nu' 5.8 + 0.020 (Pe*)0-8

(A1)
N 7 4 0.025 (Pe)0+8

This may be rewritten, approximately, as

;2 0.8
EKT' _ 0.83 |1+ 0.0035 (Pet) 8:\ (A2)
u 1 + 0.0035 (Pe)O-

The experimental data were previously evaluated using equation (A2),
and the results are shown in figures 5, 6, and 7. Using the data of
figure 6(b), which has the least scatter, 1t i1s found that the data can
be represented by the following equations

Nu! = 3.28 + 0.0115 (Pet)0.8 (A3)

Nu = 3.95 + 0.0138 (Pe)0.8 (a4)

The data of figure 6(b) and the lines representing equations (A3)
and (A4) are plotted in figure 8(a). It is important to note here that
equations (A3) and (A4) (and all similar equations mentioned later in
the appendix) are not intended as proposed correlating equations for all
liquid metals or even for lead-bismuth, These equations are presented to
indicate that the data are consistent, that is, it is possible to find
equations which will satisfactorily represent the data and also satisfy
the requirements of the assumptions., The data presented in this report
are insufficient by themselves tc Justify the propesal of a correlating
equation because they are only concerned with one liquid metel and that
over a limited range of FPeclet number,

Equations (A3) and (A4) have the form of equations (14) and (15)
and satisfy the requirements of equation (A2). The constants and

2231
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coefficients are, however, not in agreement with those of equations (14)
and (15), It would therefore be of interest to investigate the effect
of changes in the ccnstants and ccefficients assumed in equations (Al)
and (A2),.

Equation (Al) is approximately of the form

Nu! 4 X[a + b (Pe')o°8] (AS)

N a +b (Pe)0.8

This may be more readily seen in equation (AZ), which ig exactly
of this form with X = 0.83 and b/a = 0.0035. The effect of changes
in the assumed value of X and the assumed values of a and b will
be separately ccngidered.

Change in the assumed value of X, - To indicate the effect of a
change in X 1in equation (5a), the data of figure 6(b) is re-evaluated
and plotted in figure 8(b) assuming that X equals 1.0 instead
of 0.83; that is,

Nu' _ 1 + 0.0035 (Pe')0.8 (86)
M3 4 0.0035 (Pe)0:8

The equations that best fit the data points of figure 8(b) are

Nu

n

3.80 + 0,0133 (Pe)0.8 (A7)

Nu! = 3.80 + 0.0133 (Pe?)0.8 (a8)

]

It can be seen from figure 8 that either set of equations (A3,
A4) or (A7, A8) fit their respective set of data points about equally
well. No conclusion can be drawn from the present data as to the true
value cf X%,

Change in the agsumed values cof a and b, - It is not necessary

1
to assume the values of both a and b 1in order to evaluate Nﬁa from

equation (A5). The value of the ratio b/a is sufficient, and this has
been previously assumed equal to 0.0035., It is possible, by using a
gomewhat different method from that presented in the "Analysis of Data"
section, to evaluate the heat-transfer coefficients assuming a value

of a, rather than b/a. This is desirable since an estimate cf a

may be made directly from the previous data (a is the limit of the
Nusselt number as the Peclet number approaches zero). This method of
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calculating the heat-transfer ccefficients, which follows, is basically
identical to the method presented in the ANALYSIS OF DATA section
but the mathematic manipulations are different.

It wasg assumed that the equations for the tube and the annulus had
the same form as equations (14) and (15), respectively. That is, for
the tube

%? —a+b (Pe)0-8 (49)

and for the annulus
hl ) -
( 2

____ETElz - X[é 45h (Pe')o°ﬁ (A10)

Combining equations (A9) and (Al0) to eliminate b
h¥ DDy} 0.8
mw_ |21l ___Pe) (A11)
k kX Pet
The heat transferred from the fluid in the annulus to the wall,

the heat transferred through the wall, and the heat transferred to the
fluid in the inner tube are equal. Thus

Q = nDLhAT, = ShATp (A12)
Q = 7D Lh'ATp' = S'h'ATe' (A13)
g 2nL k, AT, (A14)
logg T%
Inasmuch as
AT = ATy + ATp' + ATy (A1s)

there results from equations (Al2), (Al3), (Al4) and (A15)

1023)
oge| =
Y D/ . AT (A16)
Sh S8'hY Bx byl Q
Letting
D
1
log (
AT o LAERE N (a17)

Q  2n ky L

1¢2e
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and combining equations (All), (Al6), and (Al7) gives

- ot o® (A18)

S'hl
sak 4 E{%'(DZ-Dl) ) %} pe\0-8
D D kX Pe!

Clearing equation (Al18) of fractiocns and arranging the terms in
descending powers of h' gives

BSS 'k( Pe \O+8D2-D1), .2 , JBss'ka|; _[ Pe)0-8]_ Sk,bZ'Dl Pe)0-8
Xk' \Po! D D o Xk*\ D J\Pe'
.8
- S ht -§_1§_a_[1 -(i:}’_G)O :]= 0 (A19)
D e

Equation (Al9) is a quadratic in h' which can be solved by the
quadratic formula, Equation (Al9) includes, in addition to quantities
that are known from the geometry of the test setup or from the test
data, the two constants a and X. The data of figure 6(b) was
recalculated, using equations (Al6) and (A19), for values of a = 3,
3.5, and 4 and with X = 0,83, The three values of a were chosen
to bracket the probable values indicated by the data in figure 6(b).

The results for a =3, 3.5, and 4 are shown in figure 9.
Included in the figure are equations consistent with the assumptions
that best fit the data. These are

for 9(a)
Nu = 3.0 + 0.0185 (Pe)0.8 (A20)
fu' = 2,49 + 0.0154 (Pe')0.8 (A21)
for 9(b)
Mu = 3.5 + 0.016 (Pe)0.8 (A22)

Nu! = 2.91 + 0.0133 (Pe)0-8 (A23)
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for 9(c)

Nu = 4.0 + 0,014 (Pe)0-8 (A24)

Nu' = 3.2 + 0.0116 (Pe?)0+8 (A25)

]

From figures 8(a) and (9), it can be seen that all four sets of equa-
tions ((AB),,(A4); (AZO), (A21); (AZZ), (A23); and (A24), (A25)) fit
their respective sets of data points about equally well.

1e22

Comparison of the various equations. - For the purpose of com-
parison, the various equations resulting from the different assumptions
of the appendlx ((a3), (a4); (A7), (A8); (A20), (a21); (A22), (A23);
and (A24), (A25)), and the rel&tions given in reference 1 (equa-
tions (14) and (15), ANALYSIS OF DATA) are plotted in figure 10.

From figure 10, it can be seen that all the equations fall within a
relatively narrow band except the relaticns given in reference 1,
which are appreciably higher than the others.
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TABLE I - BASIC EXPERIMENTAL DATA
Run [ W [Ty [T, |T1 |To'|AT | V | V' |Aly | &Tp |ATg' | B | m' | Na | Na' | Pe [Pe' | @ |Q/7DL|Q/7DiL
number

1 |4.50 | 565|600|645 |606| 44|8.09|9.38|18.3[17.2 | 8.54[0.907 {1.47 [17.0 |8.35 |3377|1182|5.51 [15.57 |12.54
2 |4.97 | 566|595|635 605| 40|8.93[10.36|16.8(15.4 | 7.81| .926 |1.47 |17.5 |8.39 |3747(1312|5.04 |14.24 [11.47
3 |3.40 | 535|590|646590| 56|6.10(7.09(21.9(23.1 |11.0 | .801 |1.36 [15.3 |7.80 |2600| 901|6.54 |18.48|14.88
4 12.20 | 530/ 627|720 |613| 88|3.95(4.59(24.5/44.4 [19.1 | 476 |0.892| 8.98]4.95 |1659| 563(7.47 |21.10[16.99
§ |2.12 | 535|645|738(620| 89|3.81|4.43(26.7(43.6 |18.7 | .530 [0.994| 9.91|5.47 |1584| 540{8.16 |23.05|18.56
6 |1.92 | 700|837|936|785| 92|3.48/4.05|28.0(45.3 [18.7 | .575 |1.12 | 9.63|5.51 |1285| 437|9.21 |26.02 [20.95
7 |3.29 | 740(795|856 |791| 56|5.97|6.93(|19.4(25.0 |11.6 | .717 |1.24 [12.0 |6.25 |2202| 787]6.33 |17.88 [14.40
8 |3.43 | 775|845|910(835| 62|6.23|7.24(25.3(25.2 [11.5 | .943 |1.67 |15.3 |8.15 |2230| 774|8.40 |23.73|19.11
9 |1.97 | 564|655|723|620| 62|3.55/4.12|20.5(29.1 |12.4 | .610 {115 [11.3 |6.36 {1458| 504|6.27 |17.71 [14.26
10 |2.52 | 566|639|695(617| 54|4.53|5.26(21.1(22.7 [10.2 | .803 |1.44 |14.9 |8.04 {1874 650|6.44 |18.19 [14.65
11  |2.85 | 570|630|685 |617| 50{5.12|5.95(19.6/20.8 | 9.56| .814 |1.43 [15.1 [8.02 |2119| 739|5.98 |16.89 |13.60
12 |2.73 | 575/641(699 (627 55(4.91|5.71|20.6(23.7 [10.7 | .753 [1.34 [13.9 [7.44 [2020| 701|6.31 [17.83[14.36
13 13,53 | 524|570 615|570| 45|6.33|7.35(19.1[17.5 | 8.38| .919 {1.55 [17.8 |9.01 |2739| 949|5.68 [16.05 [12.32
14 |3.68 | 576(611|658 |618| 44|6.61|7.69|14.9(19.7 | 9.42| .648 [1.09 [12.1 |6.17 |2749| 962|4.51 |12.74 [10.26
15  |3.90 | 609|646 |689 |649| 41|7.02|8.16(16.4|16.6 | 8.01| .861 |1.44 [15.7 [7.96 |2847] 997|5.05 |14.27 [11.49
16  |2.64 | 609(676|740 |664| 60|4.76|5.53|19.927.7 |12.4 | .632 .14 [11.4 [6.20 |1910]| 663|6.19 |17.49 [14.08
17 |2.20 | 606(695|765|671| 68|3.97|4.61|22.0(32.1 |13.9 | .604 [1.12 [10.9 [6.01 |1584] 546|6.85 [19.35 [15.58
18 [1.77 | 605|724(811 684 | 84|3.19|3.71|23.4(22.8 [17.8 | .487 |0.944| 8.70|4.98 |1263| 432|7.37 |20.82 [16.77
19 12,07 | 603|711 (794 |674| 77|3.73|4.34 |24.9(36.5 [15.6 | .606 [1.14 |10.9 |6.04 |1484| 507|7.82 |22.09 [17.79
20  |2.73 | 607|679|740(663| 59|4.92|5.72(22.1(25.4 |11.5 | .767 {1.36 [13.9 |7.39 |1975| 686|6.88 |19.44.]15.65
21  |2.49 | 609|690|756 [670| 63|4.49|5.22|22.6(28.0 [12.4 | .714 {1.30 {12.9 |7.00 [1793| 620|7.06 |19.94 [16.06
22 |2.32 | 609|695|766 |672| 67|4.18|4.86|22.3|31.0 [13.7 | .637 [1.16 [11.5 [6.22 |1671| 576|6.98 |19.72[15.88
23 |3.25 | 616/670(720 |665| 49|5.86/6.80(19.8(19.9 | 9.27| .873 |1.51 [15.8 [8.24 |2351| 820{6.14 [17.35 [13.97
24 |2.75 | 551|608 |665|605| 55(4.94|5.74(18.1[25.40|11.5 | .6112{1.09 |11.59|6.154|2083| 719|5.486|15.50 [12.48
25  |3.23 | 568|610(660 |612| 47|5.80(6.75|15.7|21.33| 9.97| .6300({1.09 |11.89|6.143|2435| 845|4.748|13.41 [10.80
26 |3.89 | 585|620 /659 [624| 40]6.99]|8.12|15.7|16.40| 7.90| .8223|1.38 |15.30|7.742|2892|1013)4.765|13.46 [10-84
27  [2.32 | 550(631(704 [616( 70(4.17|4.85(21.6(33.58(14.82| .5543|1.01 [10.46(5.647|1749| 599/6.577|18.58 [14.96
28 |1.94 | 553|660 (749 [630| 84|3.49|4.06|23.6(42.56(17.84| .4831|0.928 | 8.99(5.088|1442| 492|7.265|20.52 [16.53
29 |1.67 | 552| 695|795 640 | 943.01|3.50(26.9(47.67(19.43| .4962|0.981 | 9.11|5.263|1225| 414|8.358|23.61 [19.01
30  |1.50 | 554|724 |834 |646(101|2.70|3.15[28.5[51.76|20.74| .4880{0.981 | 8.88(5.196| 1090 | 367|8.925|25.21 [20.30
31 |1.44 | 552|686 /767 |622| 75|2.59(|3.0121.9/37.80|15.30| .5057|1.006 | 9.33|5.491|1061 | 363|6.754|19.08 [15.37
32  |3.15 | 561|611 (663 [611| 51|5.66(6.57|18.2|22.35(10.45| ,8246(1.203 |15.56|6.804|2375 | 824|5.512|15.57 [12.54
335 |2.83 | 575|635|690 [628| 55/5.09]|5.91|18.8(24.84(11.36| .6545|1.153[12.18(6.434|2104| 730]5.745|16.23 [13.07
3¢ [3.54 | 602|645/693 649| 47(6.37|7.40(17.3(20.17| 9.53| .7476|1.275|13.72|7.052(2596 | 905|5.328/15.05 [12.12
35 |3.37 | 610|656|703 [659| 486.07|7.05(17.6|20.64| 9.76| ,7440|1.268|13.59|6.982| 2460 | 858|5.426(15.33 [12.34
36 |2.32 | 605(688 |761|672| 70|4.18(4.86 [21.6(33.69|14.71| .5662|1.045 [10.25|5.606|1678| 576]6.740|19.04 [15.33
37 |2.54 | 605|676|746 [670| 68 [4.58]5.3220.2|33:14(14.66| .5390(0.982| 9.80|5.314|1846| 636|6.312(17.83 [14.36
38 |1.79 | 579|690 |781 661 | 87|3.23|3.76(22.5(45.69(19.01| .4307/0.834 | 7.87|4.474|1307 | 444|6.954|19.65 [15.82
39 |1.74 | 579700800 [665| 92|3.14|3.65 [23.5|48.45(20.05| .4304|0.838 | 7.83|4.457|1264| 428|7.369(20.82 [16.76
40  |1.66 | 578(717(820 [666| 95|2.99|3.48 |25.7|49.21|20.09| .46440.917 | 8.41|4.836[1201 | 405|8.076|22.81 [18.37
41  |1.51 | 576|742|850 |673]103 |2.72| 3.17 [27.8|53.84|21.36| .4611|0.936| 8.28|4.875|1083| 364|8.773|24.78 [19.96
42 |1.59 | 575(726 |835(667|101 [2.87|3.3426.7(52.96[21.34| .4490(0.898 | 8.13|4.716(1150 | 386(8.403(23.74 [19.12
43 |1.45 | 545690795 637| 98|2.61|3.04 [23.8|53.09(21.11| .3923|0.795| 7.23|4.265|1068| 360|7.359|20.79 [16.74
44 |1.36 | 541|706(820 |636(104 |2.45| 2.85 [25.2|56.52(22.28| .3933(0.804 | 7.22|4.295| 997| 336|7.854|22.19 [17.87
45  |1.32 | 538|715 |832 637|108 |2.38|2.77 [26.2|58.80[23.00| .3936(0.811 | 7.22|4.314| 968| 325|8.177(23.10 [18.60
46 |1.13 | 534|759 [891 |644 |122|2.04|2.37|28.268.10|25.70| .3698|0.789 | 6.70|4.109| 817| 272|8.899|25.14 [20.25
47  |2.18 | 550(636|705 [615| 67|3.92|4.55[21.5|31.75(13.75| .5849|1.088 |11.04|6.071|1644| 563|6.562|18.54 [14.93
48 |2.06 | 555|646|719 [622| 70|3.70| 4.31 [21.4|34.06(14.54| .5451|1.029(10.19(5.691|1539| 527|6.561[18.53 [14.93
49 11.90 | 555|657 (740628 783.41]3.97(22.1|39.55(16.57| .4881(0.933| 9.08|5.115(1413| 482|6.783(19.16 [15.43
50  |3.29 | 587|643 697 |645| 56|5.92| 6.88 [21.0(23.81|11.19| .7664|1.314 [14.13|7.300| 2424| 845|6.448|18.22 [14.67
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TABLE I - BASIC EXPERIMENTAL DATA. CONCLUDED.
Run w Ty HTo. | Te' | To AT ¥ V' |AT, | ATy |ATe' h h' Nu Nu' Pe | Pe' Q | Q/mDL Q/mD1L
number
51 1.853(5811680|762|655| 78]13.3413.88(20.7(40.41|16.91/0.450 | 0.866| 8.22(4.69 |1353| 464 |6.42 [18.14]|14.61
52 1.765(5841692|782(665( 86(3.18|3.70(21.3|45.43|18.75| .416 | 0.811| 7.56|4.35 |1283| 438 | 6.67 |18.85(15.18
53 1.626(584]706|805(670( 92(2.93{3.41|22.1/50.00/20.37| .393 | 0,777| 7.12|4.13 |1176/400 |6.94 [19.61[15.80
54 1.544 |584|724(825|675| 96(2.7813.24(24.0|51.38|20.63| .417 | 0.836| 7.51|4.39 (1112|375 [7.57 (21.37(17.21
55 1.342 (580 |760|875|683]|109(2.42|2.82(26.7|59.24(23.08| .404 | 0.835| 7.18|4.33 954| 322 | 8.46 |23.89|19.24
56 2.435(601|670|737|662| 64]|4.38{5.09]|19.0|31.22|{13.79| .533 | 0.972]| 9.70|5.28 |1770|612 |5.88 |16.61|13.38
57 2.389|606|681{750|670| 66]|4.31{5.00|20.2|32.18|14.17| .552 | 1.01 9.99|5.46 1728|598 |6.27 |17.72|14.27
58 2.2591609|690|760(675| 68|4.07|4.73|20.5(33.11|14.42| .547 | 1.01 9.87|5.46 |1627| 563 |6.40 |18.09(14.57
59 2.013]609|700]780|681| 76|3.63]4.22|20.4|39.05|16.52| .464 | 0,.885| 8.37|4.71 |1449|495 |6.41 |18.11|14.58
60 1.860(606|715|799(684| 81|3.35|3.90|22.5|41.29|17.21| .486 | 0.940| 8.69|4.96 |1328|454 |(7.10 |20.05|16.14
61 2.628 (622 |686{746|680| 59|4.74|5.51|18.8(27.74|12.45| .601 [ 1.08 |10.8 [5.83 [1893(658 |5.89 (16.63|13.39
62 2.811 {630 ]685]1742| 8821 54]|5.07]5.89117.3125.58]11.63| .599'| 1.06 [10.7 |5.74 |2015|703 |5.41 {15.29]12.31
83 2.959 (639 |690|744|688| 52|5.33{6.20/16.8|23.71/10.95| .630 [1.10 [11.2 [5.93 |2103|737 |5.28 [14.92|12.02
64 2.6735|64217001759|695| 56|4.82{5.61|17.2]26.72]12.03| 575 | 1.03 ]10.2 |5.52 |1899]|663 |5.43 |15.335]|12.34
65 2.451|641|709{775|698| 62|4.42(5.14|18.5/29.83|13.17| .553 |1.01 9,.80|'5:37 '[1754]| 603 |5.835 (16.48]13.27
66 2.2341|638(716|786|699| 66(4.03]4.69(19.3|32.20/13.96| .536 [ 0.996| 9.49|5.25 [1581(545 [6.10 [17.23(13.88
67 1.940(630(734{810(700| 73|3.50(4.07|22.3|35.61|15.05| .561 | 1.07 9.9015.62: |1367 471 |7.06: |19.95]|16.07
68 2.092|631|720(795|696| 70|3.77|4.39(20.7(34.55(14.78| .534 [ 1.01 9.45|5.30 |1480|510 |6.52 [18.41|14.83
69 2.025|625|720]796|695| 73|3.65|4.25|21.4|36.28|15.37| .525 [ 0.999| 9.34|5.27 |1439|494 |6.73 [19.02]15.32
70 1,705|616]|731|809|691| 76|3.08{3.58121.8|38,.78|15.96| .501 | 0.980| 8.91]5.15 [1212|414 |6.86 |19.39|15.61
73 1.151|585|744|834(660| 82|2.08(2.42|20.3|44.88|17.31| .404 | 0.844| 7.18(4.45 818|281 |6.40 (18.09|14.57
72 1.715|575(658|720|632| 60(3.09(3.58(16.2(30.52(12.77| .462 [ 0.890| 8.48]|4.90 (1258|437 |4.98 |14.07|11.33
73 1.572|564(655(721(620| 61|2.82(3.29|16.3|31.64|13.02| .448 | 0.877| 8.30(4.85 |1163|/402 |5.01 |14.14|11.39
T4 1.538155416501719|614| 64]2.76]3.22|16.9]33.74]13.85| .434 | 0.851) 8.03)4.71 |1138|393 |5.17 |14.60]11.76
75 1.366|539(655(731|(604| 70|2.45|2.86|18.1|37.39/14.97| .420 | 0.845| 7.85|4.67 |1020(349 |5.55 |15.67(12.62
76 1.311|565|742|866|666(112(2.36(2.75|25.8|62.1 |24.06| .370 | 0.770| 6.67|4.01 944|316 |8.12 [22.94|18.47
77 1.161|565|781|915(674(121|2.10|2.44|27.6|67.7 |25.69| .367 [0.779| 6.50|3.99 821|275 |8.78 [24.80]19.97
78 1.1091562|802|942|680(129|2.002.34129.1|72.7 |27.21] .363 | 0.781| 6.39]|3.95 781 260] |i9%32 |26.335121 .20
79 1.246|565|770|900(674|119(2.25(|2.62|28.2|65.6 |25.25| .386 | 0.807| 6.83|4.15 882|296 |8.94 |25.26|20.34
80 1.301|565|755|882|674|118|2.35|2.73]|27.4|65.4 |25.19| .374 |0.783| 6.71|4.06 933|312 |8.65 [24.44|19.68
81 2.061 1590116851 76116611 73|3.6914.30121.8(35.9 |15.27| .538 |1.02 9.7815.48 |1490[511 [6.82 |19.27]15.52
82 1.983|595(696|780|670| 79|3.57|4.16(|22.4(39.8 |16.82| .498 | 0.950| 9.02|5.08 |1435(490 [7.01 |19.80(15.95
83 1.892|598|705(794|676| 83]|3.41|3.97|22.6(42.6 |17.78| .471 |0.909| 8.49(4.79 |1363|461 [7.09 |20.03(16.13
84 1.796]|600|720(811|682| 87|3.24|3.77|24.0|44.6 [18.41| .479 | 0.934| 8.59|4.91 |1288(436 |[7.54 |21.30|17.15
85 2.064|604(700|782|679| 79|3.72|4.33|22.1(40.0 [16.95| .491 [0.933| 8.85|4.96 |1486(508 |6.94 |19.61(15.79
86 1,750|605|730(824(690| 89|3.16|3.67(24.2|45.9 |18.88| .472 [0.925| 8.36(4.84 (1238(423 [(7.66 |21.64(17.43
87 1.645(605|747|845(/695| 94(2.97|3.46]|25.7|48.6 |19.75| .476 |0.944| 8.39[|4.90 |1159(395 [8.18 |[23.11(18.61
88 1.487|603|762(871|697|101|2.68(3.13|26.0(53.7 |21,29| .436 | 0.886(| 7.69|4.56 |1047|354 (8.28 |23.:39(18.84
89 1.413]601)780(895|700}(107|2.55]2.97]27.6]57.1 |22.33] .439 | 0.904| 7.70]4.61 9911333 18.85 125.00120.13
90 1.778|603(729|822(690| 90|3.21|3.74|24.9|46.1 (18.96| .481 | 0.943| 8.60(4.93 |1269|430 |[7.84 |22.15|17.84
91 2.492|626(696|762|689| 65(4.50|5.23(19.5|31.6 [13.91| .547 | 1.00 958315052 [1787 615 16516 (1723|1388
92 2.251|630(711|786(695( 69(4.06]4.72(20.3]|34.0 [14.72| .531 | 0.988| 9.45(|5.21 |1600|549 |6.38 [18.02|14.51
93 2.077|635| 726 |800|700| 69]3.75|4.36(20,9|33.7 |[14.38| .556 | 1.05 9.79!5.51 |1463|504 |6.62 |18.70|15.06
94 2.304|639| 712(780|698 | 63|4.16|4.84|18.7|%30.9 |13.38| .539 | 1.00 9.5515.29 |1630/562 |5,89 |16.64|13.40
95 2.655|646| 7067641699 | 66|4.79|5.57|17.7|26.4 |11.85| .598:| 1.07 |10.58|5,71 [1878|653 |5.58 |15.7612.69
96 2.429|649|720|785|706| 62|4.38|5.10(19.1|29.8 [13.10| .573 | 1,05 [10.11|5.52 |1711|590 [6.04 |17.06 |13.74
97 2.647(650|713|774|705| 59(4.78|5.55(18.5(28.0 [12.53| .590 | 1.06 |10.40|5.60 |1865|646 [(5.84 |16.:50 [13.29
98 1.187|623|802(910|712| 99|2.14|2.50|23.0|55.0 |21.02| .383 [0.807| 6.63 [4.08 822|278 (7.44 |21.02(16.93
99 1.928|625|714 (786|690 | 68|3.48(4.05(|19.1|34.4 |14.52| .494 (0.943| 8.79|5.00 |1370(472 |6.01 |16.98 |13.67
100 2.132|630(701|766|689| 62|3.85(4.47|16.8|31.6 |13.59| .474 |0.889| 8.48|4.73 |1522(524 |5.30 [14.97 [12.06
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Figure 1. - Test Set-Up.
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Figure 3. - Diagram of Test and Heating Sections.
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Filgure 5. - Variation of Nusselt number with Peclet number for lead-
bismuth eutectic with no wetting agent added.
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(b) Runs 76-100.

Figure 6. - Concluded. Variation of Nusselt number with Peclet number for
lead-bismuth eutectic with about 0.04 percent magnesium added as wetting
agent.
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Figure 7. - Variation of Nusselt number with Peclet number for lead-bismuth
eutectic, both without wetting agent, and with 0.040-0.045 percent magnes-
ium added as wetting agent. Summary of all data points in figures S5 and (535
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Figure 8. - Effect of change in assumed equation for Nu'/Nu.
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Figure 9. - Re-evaluation of data points of figure 6(b), using the assumptions
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Figure 10. - Comparison of the various'‘correlating”equations.
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