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INTRODUCTION

Various advanced power reactor concepts envision a "mobile-
fuel” consisting of a molten alloy, slurry, or solution containing the
fissionable material. In fast reactor designs such as LAMPRE-IT under
development at Los Alamos, the mobile fuel is contained within the core
vessel and heat is removed by pumping a coolant through the core,
utilizing the core as a conventional closed heat exchanger. It is con-
ceivable that the fuel side of the core be a single, connected vessel
with the coolant in separate tubes passing through the core vessel; or
that the fuel be contained in separate sealed tubes or ligaments with
the coolant on the "shell side". (Figure l-a and 1-b). A variant is a
ligament design with the ligaments connected at one or both ends into
headers. (Figure l-c).

Economic considerations limiting the inactive fissionable
material inventory, and requiring maximum utilization of the active in-
ventory result in very small cores, high heat fluxes, and the impos-
sibility of a circulating system. For these reasons, the passage of the
cooiant through the core rather than the use of an external exchanger
seems mandatory for the fast power reactors.

Thermal power: reactor concepts such as the IMFR also involve a
mobile fuel consisting of fissionable material carried in solution in a
molten metal. In this case the core is sufficiently large and the
critical loading sufficiently low that a circulating system with extermal

heat exchanger seems most desirable. (Figure 1-d).
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In all of these systems natural convective forces influence to
a significant extent the velocity and temperature profiles and the heat
flux distributions. This is particularly so in the internally cooled
cores typical of the fast designs, since no forced convection is super-
imposed upon the fuel movement. The externally cooled, IMFR=type design
exhibits a combined forced-natural convection within the core where the
heat is generated and within the fuel cooling in general. This has been
treated in Reference l. The present paper is concerned primarily with the
internally-cooled arrangement, where the liquid fuel is within a closed
vessel and is motivated by the intermal heat generation due to fission and
heat loss across the tube walls due to the forced-convettion. eoolant.
(Figures l-a, b, or c).

Limiting the discussion to the intermally cooled cores, there
are two types of natural convection.of interest:

1) The flow and heat transfer within a single, vertical, small-
bore ligament (Figure 1-b), in which heat is generated by fission within
the fuel and removed to the coolant through the ligament wall;

2) The overall flow and heat transfer within a larger vessel
consisting of vertical, parallel, single-ligament passages which are either
connected through headers at the ends or continuously connected (Figures
l-a and c).

The flow pattern pertaining to the second configuration is a
superposition of the pattern found for a closed-loop with hot and cold leg
(Figure 1-d) and that found for a single ligement (item 1 above). The
closed loop can be simply approximated if knowledge of the effective

friction factor and density change with temperature is available



(Reference 2). This type of behavior would be encountered if the rate
of heat generation did not match the coolant flow in a similar manner
at all radii (from core centerline). The case of the single, sealed
ligament is more difficult to evaluate and will be the primary subject
of this paper.

In typical cases involving liquid metals the passage dia-
meters may be very small (perhaps of the order of 50 mils). Although
the volumetric heat source is very great, it will often be found that
the temperature differences existing between passage centerline and
wall are approximately those predicted on the basis of pure conduction;
ie, considering the fuel to be a solid rod. Nevertheless, knowledge of
the actual temperatures and velocities is important for the following
reasons:

1) Actual motion of the fuel (velocities of the order of
100 feet/hour seem typical) even for sealed ligament. Iarger values for
parallel ligaments may allow mass transport of container msterial between
hot and cold regions.

2) A slgnificant perturbation of the axial distribution of
wall heat flux seems probable. Since this is the limiting factor in
many designs, realistic knowledge of its magnitude is mandatory.

3) Disposition of the fission gases is affected since the
macroscopic velocities are sufficient to overcome the effects of static
diffusivity, to affect a hold~up of gas since the velocities are of the
magnitude of the rising velocity of small bubbles, and Perhaps to affect
the bubble growth on ligament walls.

L) If somewhat larger passage diameters are involved, there is

a significant effect upon the temperature distributions. The parameter



b=

delineating the effectiveness of the natural convection involves the sixth

power of the diameter. Thus small increases in diameter rapidly become of

importance.



LIMITING CASES

No analytical or experimental data is presently available for
the case of interest; ie, a liquid metal, contained within a vertical,
sealed ligament of arbitrary length to diameter ratio within which heat
is generated (steady-state being maintained by the removal of this heat
through the ligament walls to a coolant), and the wa;ls maintained at
arbitrary axial temperature distribution. However, certain limiting cases
have been explored both experimentally and analytically and serve to pro-

vide a guide for the understanding of the more general case.

A. Boundary Layer Solutions - Aqueous Fluilds

Analytical predictions and experimental corroboration for the
temperature and velocity profiles for the identical case except that
fluids of Prandtl Number of unity or greater were cansidered, (liquid
metal Prandtl Numbers range from perhaps 0.001l to 0.0l*) have been
detailed in previous papers by one of the present authors (References 3
and 4). The effect of the low ratio of momentum to thermal diffusivities
of the liquid metals in general would be to reduce the temperature dif-
ferentials and velocities.

The flow pattern and temperature profiles, found both experi-
mentally and analytically for the aqueous fluids, are illustrated sche-
matically in Figure 2 (taken from Reference L). In general there is a

rising core of fluid along the centerline which has approximately constant

*Tt was shown in Reference 5 that the assumptions are not Justified for
Prandtl Number below about 0.5,

[
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temperatpre ard velocity at a giver axial position. Along the ligament
walls there is falling boundary layer wherein the temperature and velocity
both vary rapidly as a function of radius. The temperature difference
between wall aund centerline is a maximum a* the top and falls to approxi-
mately zero at the bottom. The bourdary layer thickness generally grows
as the distance from the top increases (behavior typical of any boundary
layer) to a maximum near the bottom before,theoretically, becoming
abruptly zero at the bottom. As a result of these temperature and boun-
dary layer thickness variations, the wall heat flux is a maximum at the
top even though the rate of heat gemeration for the vessel and the wall
temperature is constant. Typical wall heat flux distributions are shown
in Figure 3 (taken from Reference 4).

It was found that the overall temperature differences could
best be presented in a plot of non-dimentional volumetric heat source
versus non-dimensiopnal temperature differential. Such a plot, taken
from Reference 4 is included (Figure 4) for convenience. ?he various
curves apply to different wall temperature distributions (all linear in
the axial direction and wniform around the circumference at each axial
position) and axial heat source distributions (mo variation of heat
source with radius was considered). Becauge of presentation in non-
dimensional parameters, the results are applicable to any length to
diameter ratio. The meaning of the symbols is given in the Nomenclature
and on Figure 2.

It 1s noted from Figure 4 that the linés terminate, depending
upon wall temperature distribution, at a qy between 102 and 103. This
termination signifies the lower limit of applicability of the boundary

layer solution used. At this 4y value the boundary layer, at some point



NORMALIZED WALL CONDUCTION/UNIT SURFACE AREA

~-10-

20.0

10.0
8.0

6.0
5.0

4.0

3.0

2.0

1.5

1.0

qy=1x10% —|

qv=lxl06—- \:‘ qy=8x106
\

i qv=8x|06 -

"1
/
|~

0.8

0.6
0.5

0.4

03

i qv:4x|07 \ : qv=|‘|057

| qy=2x108

0.2
0

A .2 .3 .4 .5 .6 .7 .8 .9 1.0
NON-DIMENSIONAL AXIAL POSITION, x/2

Figure 3. Normalized Wall Conduction ve. Non-Dimensional
Axial Position, Constant Wall Temperature R
Uniform Heat Source Distribution.




-1l-

EXPERIMENTAL DATA

LINEAR DISTRIBUTION
PARABOLIC DISTRIBUTION

CALCULATED DATA
HEAT SOURCE DISTRIBUTIONS

!
—<r=pe I

ParasoLC (30) //’
., /7v//
W/
/
/ﬁ/’
/7 4 -
/1
///,/
00
el
/
//,//4// A
77 7
//f// /
// /
/ ’v/ /
A AV
/ /94/// /
I/
///// %
Y/
N7/
/'//
s
/‘//rg/// ~
Xe,” 17 /] /
/ /// /
/ /;/ /
2
/
p Y /7
102 10° 10° 10° o° o 0

Figure 4. Non-Dimensional Heat Source vs. Overall Temperature
Differential, Experimental and Calculated Data.



1P

along the axis, has grown to the extent of filling the entire vessel (as
here used, the boundary layer includes some upward velocity region,

see Figure 2, so that continuity is not disregarded). The solution was
based upon the requirements of conservation of mass, energy, and momentum,
and then the substitution of assumed temperature and velocity profiles of
the type shown in Figure 2, with boundary layer thickness a function of
axial position. Once the boundary layer has grown to the extent of
filling the entire vessel, it is obvious that the assumed profiles, allow-
ing a core of uniform temperature and velocity, no longer apply, and that
the boundary layer thickness can no longer be a function of axial position.
Calculation of typical cases show that the region of interest for liquid-
metal mobile-fueled fast reactors is usually in this region of Ay ie,
below 1020 However, the significance of such a Ay is not known since the
analysis is limited to higher Prandtl Numbers.

If a completely similar analysis is followed except that the
boundary layer thickness is fixed equal to the vessel radius, a difference
equation relating the non-dimensional temperature differentials, heat
source, and axial position can be derived. The steps in addition to the
analysis of Reference 2 are shown in the appendix. A typical plot of
non-dimensional temperature difference between centerline and wall as a
function of axial position is shown in Figure 5 for various heat source
strengths at constant temperature. If a variable wall temperature is
assumed, the temperature differential in the center section will be
unchanged and the top and bottom will be changed only slightly from the
constant wall temperature case. It is noted that the temperature dif-

ferential starts at zero at the bottom and becomes assymptotic to qv/h,
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approaching this value very rapidly for small dye This analysis, like
the original of Reference 3, is limited to Prandtl Number near unity.
This value of the non-dimensional temperature differential corresponds to
the case of static conduction.

For those cases where the,nonwdimensional~héat source is suf=-
ficiently low so that the boundary fills the entire vessel at some point,
it is necessary to use a combined solution. The original solution of
reference 3 can be used for that portion of the vessel near the top where
the boundary layer is growing. The "fully-developed" solution (boundary
layer thickness equal to radius and constant) can then be used for the
remainder of the vessel. Such a combination will assure that conservation
of mass, momentum, and energy are observed for any radial plane through
the vessel at any axial position. To assure consistency at the point of
Joining of the solutions it is necessary that the original boundary layer
solution give a temperature differential of qv/h at the axial position
where the boundary layer thickness becomes equal to the vessel radius. As
pointed out in Reference 3, the implementation of the boundary layer so-
lution involves a numerical procedure with an IBM-650 program.

It may be noted that the situation is somewhat analogous to
that of pipe flow where the boundary layer grows in the entry section
(analogous to the ligament top) until it occuples the entire pipe. Hence-

forth it is "fully-developed" and no longer grows with axial distance.

B. Infinite Length/Diameter Case - Aqueous or Liquid Metal

At the opposite extreme from the boundary layer case explored

in Reference k4, where effectively the length to diameter ratio was
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sufficiently small that the temperature and velocity gradients were
limited only to the vicinity of the wall and the boundary layer effects
could not extend into the central portion before reaching the bottom
of the tube, is the case of infinite length to diameter ratio. An
examination of the parameterAgrouping which forms gy discloses that
this corresponds to zero non-dimensional heat source. The infinite
length case has been examined in detail by Murgatroyd, Reference 6.

A short examination of the physical situation will disclose the sig-
nificant features.

If the flow is laminar and the tube infinitely long, it is
obvious that transfer of heat normal to the axis can bekaccomplished
only by conduction. There are no convective effects either from turbu-
lent mixing or transport of ascending fluid along the centerline to
descending fluid along the wall at the ends (since they are infinitely
distant). This is the case of "rod flow" for which the Nusselt's Number
based on diameter and mixed mean temperature is 8 (Reference 7). It is
shown in the appendix to this paper that such a Nusselt's Nuwber cor-
responds to a non-dimensional temperature differential between wall and
centerline equal to qv/h at a given axial position. As previously
mentioned the fully-developed solution was asymptotic to this value
for low gy. We have thus an independent verification of this solution.

It should be mentioned that the assumption of laminar flow is
well justified for the fast reactor applications. As mentioned in
Reference 4, the transition from a generally laminar condition to a
generally turbulent one appears to occur at a Rayleigh Number based on
vessel radius of about 4 x 10(. Thie roughly corresponded to Qy of

8

about 10~ for the tests conducted. The corresponding Rayleigh Number
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and q. for a typical fast reactor application are about 50 and 10.
v JP

C. Effect of Liquid Metals as Compared with Aqueous Fluids

No analysis or experiment applicable to the boundary layer
regime has been made for fluids with low Prandtl Number in the appli-
cable geometry. However, the infinite length analysis applies regard-
less of Prandtl Number. It seems certain that the general type of flow
behavior observed and predicted for aqueous fluids with high gy would
also be observed with liquid metals. However, the low Prandtl Number
should result in the temperature differences for a given heat source
being reduced and the temperature gradients extending further into the
fluid. Since the temperature differences would be less, the coefficient
of volumetric expansion is generally small, and the conductivity large,
the Rayleigh Numbers would be much lower, the forces motivating natural
convection circulation less, and the velocities Probably reduced. Never-
theless, the asymptote reached as dy approaches zero is the same. On the
basis of these qualitative considerations, it seems likely that the general
type of behavior would be the same, but that the fully~developed flow
condition would be reached at a somewhat higher 4, since the temperature

gradients should extend more deeply into the fluid.



APPLICATION OF RESULTS TO SMALL~BORE
LIGAMENT WITH LIQUID METALS

Utilizing the limiting results discussed in the previous
section, it is possible to delineate the significant results to be ex-
bected from natural convection in a small-bore ligament filled with

liquid metal fuel in a typical fast power reactor design.

A. Temperature Differentials - Centerline to Wall.

The results for aqueous fluids within the range of the boun-
dary layer sblution (qv above about lOB) are shown in detail in Refer-
ences 3, 4, 8 and 9. These are not directly applicable to liquid metals
but the type of behavior for high Qv 1s probably typical. However, the
cases of interest to the liquid metal fast reactor concepts which have
come to the attention of the authors, show 4, values within the fully-
developed range. TFigure 5 shows the non-dimensional temperature dif-
ferential (in units of qv/h) as a function of axial position and g
for constant wall temperature. The significant results are listed in
Table I. Tt is noted that the temperature differential is equal to
approximately qv/h for most of the vessel length but shows an increasge
near the top and a decrease at the bottom. The degree of increase at
the top is a function of 4, but is a maximum of about 70% of qv/h at
Uy = 10°. This is also very local (occurring within 6% of the top) and
may not be of any real significance since small axial heat flow in the
tube wall could relieve over-heating. As far as the central portion of
the tube is concerned the results apply directly to any axial wall tem-
Perature distribution so long as the axial gradient is not so great
that axial conduction of heat Dbecomes significant compared with radial.

~17=
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The results at the tube ends apply strictly only to constant wall tem-
Perature. However, they are typical of any distribution since the
substitution of different temperature configurations produces differences
only of degree. Also, the end results apply only to aqueous fluids,
while the central portion is of general applicability. However, it is
believed that fluids of low Prandtl Number would exhibit similar be-
havior, although the end effects would be somewhat reduced in magnitude

and axial extent.

B. Wall Heat Flux

The axial wall flux distribution for uniform heat source,
constant wall temperature, and aqueous fluids for the fully-developed
condition is shown in Figure 6 and listed in Table I. Figure 3 showed
similar results for the boundary layer solution at high 4, but included
the effects of wall temperature distribution. In both cases it is noted
that there is a decrease of wall heat flux at the bottom, a generally
constant region in the central portion, and a sharp rise toward the top.
These effects become very much more localized as 9., is reduced into the
fully-developed region of interest in the present application. As in
the case of temperature differential, the central portion of the curves
are applicable for any fluid and wall temperature distribution, again
with the qualification that the axial gradients cannot be so sharp that
axial conduction becomes relatively large. The end portions apply
strictly to aqueous fluids and constant wall temperature. However, a
local rise of somewhat similar magnitude is to be expected with liquid
metals and various wall temperature distributions. As in the case of the
temperature rise at the top, this increase of heat flux may not be

physically significant because of its very local character. Local over-
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heating encountered in this respect may well be relieved by axial heat
flow. Only experimental results could resolve the seriousness of the
Problem. The problem is of potential importance because the thermal
stresses due to the wall heat flux are the limiting factor in many

designs.

C. Velocity

Detailed plots of the velocities anticipated and also ob-
served for aqueous fluids in the boundary layer regime are given in
references 3, 4, 8, and 9. Reference 6 shows analytical predictions
for laminar and turbulent flow in vessels of infinite length. Figure
[ shows the maximum velocity to be expected in the laminar fully-
developed regime as a function of axial position and d,- As previously
mentioned, the physical cases of interest seem limited to laminar flow.
Except for the extreme ends, the values apply to any fluid and any wall
temperature distribution. Also the end values should be correct in
direction of shift and order of magnitude. Under the assumed profiles
used in this solution (a quadratic curve was used) the maximum velocity
is the ascending velocity along the centerline although in the high Ay
boundary layer cases it was the descending velocity adjacent to the wall.
Whether the prediction of maximum velocity along the centerline is Justi-
fied or is merely a result of the assumptions used is not known. How-
ever, the order of magnitudes of velocities predicted is of Prime

importance and this is believed to be essentially correct.
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CONCLUSIONS

Although no directly applicable theoretical or experimental
results are available for natural convection in single, small-bore
vertical liquid-metal filled ligaments as encountered in mobile-fuel
fast power reactors, it is possible to delineate the general nature
of behavior expected with respect to temperature, velocity, and wall
heat flux profiles from limiting analyses and experiments which are
available. These data are illustrated in the baper, and it is shown
that natural convection may be of importance from the viewpoints of
perturbation of wall heat flux (a limiting design condition), and the
motivation of velocities important as a Possible mechanism for mass
transport and also as an influence on the disposition of fission gas

created within the fluid.

DD



APPENDIX

Long Tube (Fully-Developed Flow) Analysis

In order that the solutions will be consistent at the tran-

sition points, the same arbitrary velocity and temperature profiles are

assumed as in Reference 8. However, it is assumed that the boundary

layer thickness is no longer a function of x but is constant and equal

to the tube radius.

From Reference 8

_ 2
u=-7[1- (i - S) {1+58(xr - 1)h

but B = O, therefore

t =1t (1L - 1)

u=-7[1- r2(l +8fr - 1})]

Substituting equation (4) into the continuity relation
(Reference 8)

1

, 1 _ 1
[rudr=0= -y {é r dr - fl r3 dr ----6f’lr4 dr + 5[ 3 dr
0 0 0 0
from which © = -5. Equation (4) can then be written as

u = - 7(500 - 622 + 1)

~23

(2)

(5)
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and at r = O, %%“= - 7(15 r° - 12r) = 0 (7)

Now, substituting the velocity and temperature profiles,

Bquations (3) and (4) into the momentum equation (Reference 8)

1
- 1 du B
_for tdr+ 5 (g) (5?)r=1 =0 (8)
t
we get 7 = > and (9)

the velocity, Equation (6) becomes

U= -0 (5r3 - 6% + 1) (10)
12

Repeating the same procedure with the integrated energy

equation (Reference 8)

9 1
O é rutdr = (§§)r=l - ;X (11)
we have g_ fll" ut dr = - 1 _a;_ (tt_) (12)
£0 33F 3x
ot - -2t 1
& (13)

and Equation (11) reduces to

.1 o q
R D . S (1%)
- / - - ‘ . \-V,V‘ v
axial convection wall heat
conduction source

From Equation (14) it can be seen that t approaches q,/k as a limit
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as the tube length becomes infinite (5/5x - 0). The axial convection
term is a function of the axial temperature and the wall conduction

term is a function of the wall to centerline differential temperature.

Hence

1l 9 2 o
3 % g TR -0 (15)

where t@ =t + ty

2
o o~ (b + t )y 2
- 7 = L 672t + 168q,. = 0 (17)

Therefore (t + t

and

ty.y = - (t + 168Ax) +

WN -1

Vi

oy + 16880)° + (b + )2 - 336ty + 16Ba,0x - ¢ 2 (18)

WN-1

where Ax and t are positive numbers.

Natural Convection laminar Flow in Infinate Length Tube

The heat flow in the axial direction must be negligible com~-
pared with flow in the radial direction for the case of pure conduction,
and the heat lost through the wall in a given axial section must equal

the heat generated in that section.

2
T
Then T = - gﬁg— +C lnr+Cp (Reference 2, page 662)
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e

=

Tmean -

g R(Tg - Ty)

@. Lk

¢ B

Quwall _ Gy T _ RQy

€7 Aya11(Tg - Tw) 2nRL(Tg - Ty) 2(Tg - Ty)

Qv= 2}1@ T@I ”TW
R

but previously Tg - Tw = %% R®

She (Te - T )RE

and hﬁ = g%- for pure conduction

2

Tmean =

McAdams, Reference 7, page 233, shows that for an infinately long tube

with laminar (rod-like flow) and uniform heat flux the Nusselt's
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Number based on the diameter and the mean temperature is 8 away from

the entrance section.

hD_ 8

h
NuD’Tmean T

a
or NuaﬂTmean == L

Thus, based on the radius and the temperature difference from wall to

centerline

N = 2
Lla,Tg - Tw

In the present analysis using the non-dimensional heat source term,

%y
Ay

Nug, -

Ty - Ty T 5

by simple algebraic substitution for d, and t in terms of the physical

quantities. And when t = qv/h

NUa,T@‘-Tw=—-= = 2



Nu

Pr

NOMENCLATURE

Radius of test section

Specific heat

Acceleration of gravity

Film coefficient for heat transfer
Thermal conductivity

Length of test section

Nusselt's Number based on radius; E%
Prandtl Number; %, 6
4y2 08

Non-dimensional volumetric heat source —§“§Z“=
pTRTYCy

Volumetric heat source -- energy per unit volume
Rayleigh Number based on radius and maximum temperature

differential; Catga3(szMa,XQ to Wall )

V K
Rayleigh Number based on length and maximum temperature

differential; gxg£3(TMax§ 4 811
‘ o wal

Y R

Dimensional and non-dimensional coordinates in radial direction

Temperature
e . . . CXga%dT"
Non-dimensional temperature differential = f;;z—n;-without

subscript non-dimensional temperature differential wall and
fluid at any given axial position. Subscript o applies to
top of tube centerline. Subscript ¢ applies to centerline.
N:Llag = qv/gt@, N

0

Velocity in axial direction
Non=-dimensional velocity in axial direction = a2U/m£

Volume

=28



NOMENCLATURE (CONT'D)

Dimensional and non-dimensional coordinates in axial direction
Coefficient of volumetric expansion

Non~-dimensional core thickness. 1 - B is non-dimensional
boundary layer thickness.

Thermal diffusivity = k/pc,
Kinematic viscosity

Density

-29.-
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