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PROBLEM

The peacetime use of atomic energy requires
the development of z2n atomic power system. Such
a system must convert the kinetic energy released
by the nuclear fission into useful electrical or me-
chanical power. At the present time no direct
method is known that will accomplish this conver-
sion.

The process now envisaged involves a nuclear
reactor transferring heat to a fluid heat transfer
medium. This medium is circulated through a
steam generator to produce steam which is util-
ized in a turbine. The turbine can then be used to
drive an electric generator or as the motivating
power for a mobile unit, such as a ship. Once the
heat has been transferred to a suitable heat trans-
fer medium, the engineering becomes conven-
tional; however, the design of a nuclear reactor
involves many new and difficult problems.

The fissionable material is the source of heat
and is distributed throughout the reactor. There
are three principal types of fissionable materials
which may be used: U-233, U-235, and Pu-239.
These materials vary in their nuclear properties,

but the energy released per fission is of the same -~

general magnitude and character. The total quan-
tities of fissionable material, or fuel, must be
maintained within definite or critical limits. If
the quantity is too small, the chain reaction will
not be maintained. If the quantity is too large, the
reaction will be difficult to control. The amount
of the fuel is also dependent on the specific ab-
sorption of neutrons by materials within the re-
actor. Since the fissionable materials in general
do not possess strength and may be subject to
erosion, it is necessary to reinforce or to can the
fissionable material with a material of good struc-
tural properties. Structural and heat transfer ma-
terials used in the reactor should have low neutron
absorption. In addition, the heat transfer medium
should not change phase (density) in a nuclear re-
actor, as this change would make the nuclear con-
trol problem more difficult. :

Possible heat transfer fluids include gases or
liquids. Because of its heat transfer and nuclear
properties, helium appears to be a promising gas.
Unfortunately, a gas requires a large heat trans-
fer area, which means large surface areas within
the reactor. Also, the quantities of gas which
must be pumped through the reactor would be ex-
tremely large, and so the pumping power required
might become prohibitive.

Liquid metals, such as sodium, potassium,
gsodium-potassium alloys, tin, mercury, lead, and
lead alloys, may be considered for use as cool-
ants. The high thermal conductivity of a liquid
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metal is a very favorable property, as it mini-
mizes the possibility of hot gpots occurring in the
structural material and fuel cans.

INTRODUCTION

" This problem considers the removal of heat
from a nuclear reactor by means of a heat-
exchange medium flowing in a closed circuit. The
heat is transferred from the fluid flowing in the
reactor to the working fluid of a conventional heat
engine. A reactor is merely a new type of heat
source in which nuclear energy is developed in
the form of heat. Owing to the high heat rate and
nuclear considerations, the removal of heat from
the reactor presents some new and unique prob-
lems. Since the nuclear calculations are beyond
the scope of this problem, only the method of heat
removal will be evaluated.

PROBLEM

1. Make a general survey of possible heat
transfer fluids. Choose the most suitable coolant
and give the reasons for your choice. The follow-
ing items should be considered when the choice is
made. :

a. Pumping power.

b. The operating temperature of the re-
actor.

c. Physical properties of the coolant in-
cluding thermal stability, heat transfer
characteristics, and corrosiveness.

2. Design the coolant passages through the
reactor and draw a sketch of your solution.

3. On the basis of your choice of a coolant and
the reactor flow passages, you are asked to esti-
mate the performance of the power plant that you
propose. This should include a complete flow
sheet from the reactor through the generator in-
dicating coolant flows, pressure, temperature,
pump power, pipe size, plant efficiency and other
data that you think important in this design.

In this analysis, questions may arise for which
you do not have adequate data to come to a solu-
tion. Make reasonable assumptions and state what
they are.

DESIGN-DATA SPECIFICATIONS

1. Reactor heat output is 80,000 kw.

9. The dimensions of the reactor are 2 by 2 by
2 ft., which include fuel, structural material,
and coolant.

3. Coolant passages are 25% by volume.



4. Assume that the fissionable material is
separated from the coolant by a structural ma-
terial of your choice. The structural material can
be assumed 30 mils (0.030 in.) thick.

5. Assume the fissionable material to be uni-
formly dispersed in the volume not occupied by
structural material or coolant.

6. Assume uniform heat generation in the fis-
sionable material. '

7. The maximum temperature of the fission-
able material cannot exceed 2,500°F. Assume its
thermal conductivity to be 3.0 B.t.u./(hr.)(ft./°F.)

8. The temperature rise across the reactor
should not exceed 400°F. This limit is set to
avoid excessive thermal stress during transient
operation. .
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APPENDIX

The following pages were reproduced from the.
"Liquid Metals Handbook," Atomic Energy Com-
mission, Department of the Navy, Washington,
D.C. (June 1, 1950), which is out of print. This
appendix contains information of assistance in the
solution of the problem.
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RESISTANCE OF MATERIALS TO ATTACK BY LIQUID METALS

CHART 1
CONDENSED SUMMARY OF RESISTANGE OF MATERIALS
TO ATTACK BY LIQUID METALS AT 300°C. AND AT 600°C"
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RESISTANCE OF MATERIALS TO ATTACK BY LIQUID METALS

Evidence to the contrary is adduced--for some of these metals--in some of the following

pages. Metals for possible use as container
preference, based on availability” and

MOLTEN METALS

Alkali Metals
Mg

Zn

cd

Hg

Pb

Sn

Bi

Ga

Tl In

s are listed by Brewer in order of decreasing
extent of

attack, as follows:

CONTAINER ME TALS

Fe, Co, Cr, Nb, W, Ta, Mo, Re

Fe, Nb, Be, W, Ta, Re, Mo, Cr

Nb, Zr, Ta, W, Cr, Ti, Ir, V

Nb, Ta, W, Mo, Fe, Cr :

Fe, W, Ta, Re, Mo, Nb, Rh, Ni, Be, Co
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THEORY OF LIQUID-METAL HEAT TRANSFER

Two types of heat conductivity exist in ordinary. turbulently flowing fluids, molecular
conductivity and turbulent conductivity. The molecular conductivity is that due to the trans-
fer of molecular movement within the liquid by collision of one molecule with the next.

Turbulent or eddy conductivity is due to the physical transport of macroscopic portions
of the fluid from one part of the fluid to another. In turbulent flow, mixing by eddies ac-
counts for most of the heat transfer in the bulk of the flowing stream, masking almost com-
pletely the molecular conductivity except near the walls where the eddying is less pronounced.
It should be borne in mind that molecular conductivity exists throughout the stream, but that
it is important only where little if any eddying exists, i.e., near the walls.

In metals, heat is also transferred by the migration of electrons. This third mecha-
nism results in an apparent increase in the molecular conductivity, and may, in some
cases, increase this apparent conductivity by a factor of more than one hundred.

For simplicity in this handbook the term “thermal conductivity” is used to mean the
sum of the molecular conductivity of heat and the electron conductivity of heat.

Diffusivity is a general term describing the rate at which an extensive property is
transferred from one place to another within a material by a given concentration gradient.
If one thinks of an extensive property, N, as being transferred at a flux rate of n per
(unit area)(time) between two points, a given distance apart and with a difference in concen-
tration of n per unit volume, the units for the diffusivity will be seen to be:

(arear;(time) / (VOl)(;‘ength) = (length)?/time

The term n does not appear in the reduced units for the diffusivity and it will be ob-
served that the diffusivity of one property can be compared with the diffusivity of another.

In the following discussion, the diffusivity of heat will be compared with the diffusivity
of momentum. The diffusivity of heat in a fluid may be found by dividing the thermal con-
ductivity by the volume heat capacity, cp.

B3
cp

Diffusivity of momentum is the kinematic viscosity:

Dy =

DM=’—;-=V

The dimensionless ratio of diffusivity of momentum to diffusivity of heat is usually
called the Prandtl number,

DM cu
—- = Pr

DH  k
Most ordinary fluids have values of Pr (which is a physical praoperty) between. about
.7 and 200. The usual heat-transfer equations have been developed empirically to cover
this range. Liquid metals, on the other hand, range in Prandtl number from about 0.1 to
about 0.005.
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Turbulent ‘Buffer Visc. Wall

S\

i)
A

N Y

Velocity —»

v
-
n

Temperature —»

NN

L Distance from the Tube GCeantar->

AN

.o
T
Y

K

Figure 3 - Qualitative Diagram of Temperature Distribution
in Fluids of Various Prandtl Moduli

The current concept of turbulent flow in a tube is shown qualitatively in Figure 3. A
thin laminar or viscous rcgion in which no turbulence or eddying takes place occurs adja-
cent fo wall. All conduction of heat and momentum is by molecular motion (and by electron
motion in the case of liquid metals).

Between this layer and the turbulent core is a buffer region in which the velocity dis-
tribution is determined by the combined action of molecular and eddy diffusion of momentum
toward the wall. In the turbulent core the velocity distribution, by definition, is controlled
by the eddy diffusion of momentum.

Although the belief has never been adequately established, it may be assumed here
that the ratio of etidy diffusivities of heat and momentum is one.
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In Figure 3, the curve marked “Pr = 17 may be thought of as picturing qualitatively
the temperature distribution in a cooling tube under given conditions where the fluid has a
Prandtl modulus of unity. Such a situation is approximated by a gas and by high-tempera-
ture water. It also represents the shape of the velocity distribution.

The lower curve represents the temperature distribution for most liquids where the
Prandt] modulus is greater than one--poor molecular diffusivity of heat compared with
momentum. Here the temperature distribution curve deviates from the velocity distribution
curve in the buffer region, because of the low influence of molecular diffusivity of heat.

The temperature distribution curve for liquid metals or other fluids with a high mo-
lecular diffusivity of heat and hence Prandt] modulus less than unity is represented by’ the
upper curve. In this case the effect of high molecular diffusivity (and electron diffusivity)
of heat will be pronounced even in the turbulent core. For very low Prandtl modulus at
moderate Reynolds modulus, the eddying may not completely control heat flow even near the
center of the tube.

Since the velocity distribution in turbulently flowing fluids has been accurately meas-
ured, it is possible to predict the heat transfer for liquid metals in tubes. Such theoretical
investigations have been performed with notable success. As a result the plot in Figure 4
can be drawn to show the heat transfer coefficient in tubes with a constant heat flux through
the wall for all fluids in either turbulent or viscous flow. A number of assumptions have
been made in the calculations for this ptot which limit its accuracy, but it is useful in
visualizing the remarkable difference between liquid metals and ordinary fluids.

103

104

103
Nu

102

0 ///

Viscous Flow
| ) .
o 0% 10° 10*  10% ,, 10° 107 10® 10° 10

Figure 4 - Nu for Turbulent and Viscous Flow Versus Pe, Pr and Re

Complete analyses of this analogy are given in the following references which are
listed at the end of this chapter (1)(3)(8)(9)(10)(11)(15)(16)(17)(18)(19)(20)(23). A qualitative
discussion of end effects will be found in the section of this chapter dealing with design
considerations.
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RECOMMENDED EQUATIONS AND DESIGN CONSIDERATIONS

Contact Resistance with Nonwettigg

Only a very rough estimate of the contact resistance can be made at the present time.
The only empirical approximation published to date is Harrison’s equation(6) for the non-
wetting contact heat-transfer coefficient, hy, based on experimental results by Musser and
Page(14) with mercury and applicable with accuracy only to their results.

1. hg = 1/10 Re Btu/(hr)(£t2)(°F)

When the liquid wets the wall, it may be assumed that the contact resistance is negli-
gible. Wetting may be improved in mercury and lead-bismuth alloys by the addition of about
0.1 - 0.2 wt.% sodium or magnesium(26). (See also the discussion of mercury in Chapter 4).
Circular Tubes

A simplified approximation of the theoreﬁcal results first obtained by Martinelli(11)
can be written(10)

2. Nu =17 + .025 Pe.8
This may also be written:
3. h =k/d (T + .030 (w/D).8 (c/k)-s]

This equation is an approximation based on theoretical calculations. It has been cor-
- roborated experimentally by Werner, King and Tidball(27) and by Lyon(10) using NaK.

Parallel Plates With Heat Through One Side Only

Harrison and Menke(8) have developed theoretical relationships for this situation
which may be roughly generalized by the equation:

4, Nu = 4.9 + 0.0175 Pe.8
or
5. h = & [4.9 + 0.031 (Wy)8 (c/k)-8)

where d is the distance between the plates, and Wy is the weight rate of flow per foot
of channel width parallel to the walls. '

Equation 4 and 5 give values of Nu and h which are 0.7 of the values obtained by using
the circular tube equations with a value of D equal to 2d and a value of W equal to that ob-
tained in such a tube with the same average velocity as between the plates. Seban(18) has
recently developed the generalization:

6. Nu = 5.8 + 0.02 Pe-8
which may be written

T. h =3y (5.8 + 0.035 (Wy)8 (c/K)-8]

In view of errors recently found by Harrison and Menke(7) in their calculations, the
latter equations are probably more accurate, though less conservative.
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Equations 6 and 7 give values of Nu and h which are approximately 0.8 of thoge ob-
tained with circular tubes.

Parallel Plates With Heat Throg@ B9th Walls

Seban(18) proposes that the effects due to heat flow through each of the two walls 1nay
be superimposed on each other to give the actual temperature and heat-transfer coefficlent
at each wall. The coefficient assuming heat flow only through one wall, h’, may be calcu-
lated from the preceding equation:

T. W =K [5.8.+ 0.035 (Wy)-8 (c/K)-8]

Y
A term, X, is defined as Tt%-_—%,—;l , where the prime indicates the situation which would

exist if heat flowed only through the wall of subscript *o” and no heat flowed through the
opposite wall designated by subscript “D”.

In Figure 5, the values which Seban(18) has calculated for X are plotted as solid lines.
A rough generalization for these values for X is plotted as broken lines, and may be written
as

8. X= 0.87 pr0.046

with the limitation that above Pr = 10, X may be agsumed to be approximately unity.

1.00
Pr=10.
0.90 20
e 1.0
] [}
K. K2 0.1
0.80
[1]
*
0.0l
0.70 —F===="=—==2 — ===
0.60
0.50
49 5 "6
Log,, Re

Figure 5 - Sebans Values
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In most cases it will be unnecessary to calculate the actual coefficients for the two
sides. Usually it will be desired to calculate two of the following quantities: Qo, @D, to, D,
tm from the remaining three and the values of h’ and X for the system. Once this is done
values of ho and hp can be obtained, if required, from the equations

Q
%. B = (5~ tm)

.. QD
%- D = - D)

Any two of the five temperature and heat flux variables listed above are found from
the remaining three plus h’ and X by use of the following relationships which are a simple
extension of Seban’s paper.

10, Xh' (tp-tp) =Qo+ QD

11a. I (to - tm) = Qo+ - 1 QD
11b. b’ (tm - tp) =QD + & - 1) Qo

12a. Q°=x,,(t0-tD)-(t -tD) n

12b. Qp =Xto - tD) 'l(fo - tm) pe

2-3%

Annuli

Thin annuli with ro/ri close to unity may be ti"'éated as though they were parallel
plates, and the Equations 4 through 12 applied with assurance. This has been very roughly
checked with NaK by Lyon(10).

Annuli of ro/rj greater than about 1.4, however, will have higher heat transfer rates
than indicated by this means, and more complex equations must be applied. :

Bailey(1) has developed the following theoretical expressions which have been checked
experimentally with NaK in thick annuli by Werner, King and Tidball(27), as well as fitting
Lyon’s data(10) for thinner annuli

13. Nu = Nug + .0106 Ro-37 Pe-86

where

13a. 1/Nus = aB(R§+ 1)2 -3-12B-14B2 - 4B3 +4(B+1)4 In R

ri
13b. B =ﬁ
13c. R°=-:—‘; =L+1

An empirical approach by Werner, King, and Tidball(27) also checks their experimental
results and those of Lyon(10). It consists of the application of a correction factor of T
(ro/r1)0-53 to the circular tube equation (Equation 2). This was suggested by the correction
of .87 (ro/r1)0-33 tothe Dittus and Boelter(4) tube equation which Monrad and Pelton(12)
recommend with water in an annulus.



LIQUID-METAL HEAT TRANSFER

The coefficient of .7 was chosen since this factor makes the tube equation (Equation 2)
fit approximately the Harrison and Menke(8) parallel plate equation would be approximately:
0.82 (ro/ri)0.53, .

Bailey’s(1) equations may be represented in the same form by the approximate
equation:

o 14. Nuapn = 0.75 NuTube (ro/r1)0-30

e Use of this equation at high values of R leads to substantially lower values than those
P using Werner’s correction, although they both fit present experimental data which are for
relatively low R. For the sake of conservatism, and because of the theoretical basis of
Equation 14, it is recommended for annuli until data have been obtained at higher R.
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