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ABSTRACT

Cellular convection was studied rigor-
ously during the development of the Clinch
River Breeder Peactor Plant (CRBRP) Program
Pumps. The non-symmetrical etffects of cel-
lular convection on thermal stresses, thermal
distortions, and pump/foundation interface
temperatures were important considerations.

This paper presents the develocment of 2
three-dimensional finite-element heat trans-
fer model which accounts for the cellular
convection phenomena. A buovancy driven
cellular convection flow pattern is intro-
duced in the annulus region between the upver
inner structure and the pump tank.

Steady~state thermal data were obtained
for sevaral test conditions for argon gas
pressures up to 93 psig (741 kPa) and sodium
operating temperatures to l000°F (81l K).
Test temperature distributions on the pump
tank and inner structure were correlated with
numerical results and excellent agreement was

obtained.

NOMENCLATURE
Dh = Hydraulic diameter
£ = friction factor
Gr = Grashof number
L = Channel height
Nu = Nusselt number
Pr = Prandtl number
ReDh = Reynolds number based on
hydraulic diameter

INTRODUCTION

Criteria for the onset of fluid cellular
convection in a simple annulus have been
established by Edwards (l). The critéria are
based on well defined thermal boundary condi-
tions such as uniform temoeraturc; at both top
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and bottom surfaces and a single wall conduc-
tion parameter. However, the conditions
encounterad in the Clinch River Breecder
Reactor Pump are not close to the above ideal
conditions due to the complew configuration
and large temperature variation. Therefore,
an accurate prediction of the possibility of
cellular convection based on the Edwards
criteria was not possible.

During operating tests” conducted on the
Prototyvpe pump, a strong convection cell pair
was encountered at high operating pressures.
This had an adverse influence on the tempera-
ture distributions in the pump. To verify
that this temperature distribution was, in
fact, caused by an internal gas cell, an
analytical correlation with test results was
performed. A combined thermal analysis in-
cluding convection, conduction and radiation
on the upper pump structure in the presence of
cellular convection was attempted using a
finite element thermal computer code
ANSYS (2).

DESCRIPTION OF THE UPPER PUMP STRUCTURE

A cross sectional view of the upper pump
structure is shown in Figqure 1. It consists
of a radiation/thermal shield, a pump tank,
and a pump tank flange. The radiation/thermal
shield is a cylinder of 92.5 inch (234.9 cm)
outside diameter and 60 inch (152.4 cm) height
filled with steel shot whose conductivity is
about 1/30 the conductivity of stainless
steel. The pump tank is a 93 in. (236.2 cm)
I.D. cvlinder whose outside is insulated.

The pump tank flange is bolted to the support
structure and surrounded by ambient air. The
annulus between the radiation/thermal shield
(upper inner structure) and the pump tank is
filled with argon cover gas which separates
the sodium from the ambient air. The inner-
most part of the ilnner structure is a pump
shaft which is not significant in the thermal
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analysis. Significant dimensions of thermal
interest are listed in Table 1.
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TABLE OF SIGNIFICANT DIMENSICNS

TRBLE 1. OF THERMAL INTEREST
Pusp Tank Qutside Diseseter 1 243.84 cn
Pusp Tank Inside Dismsater 1 236.22 cn
Uppsr Inner Structure Outside Diaaster 1 234.95 ce
Upper Inner Structure Inside Diamster 1 215.71 cu
Eceantricily 1 0,16
1 152.4 c»

Helght of Annulus

MODELLING OF CONVECTION PATTERN

A buoyancy driven cellular convection
flow pattern is introduced in the annulus
region between the upper inner structure and
the pump tank. The following assumptions are
used regarding the flow associated with the
cellular convection:

1. The lowest wave number convection mode
is assumed for both the vertical and
circumferential directions for high
pressures., In other words, there dre
only two cells in the annulus. For the

low pressure convection correlation, a
four cell mode is used by reducing the
circumferential dimensions of the
elements in half.

2. The flow pattern in cells consists of
three independent channel flows whose
wetted area is the same as that of the
annulus surface area. The flow areas
of the hot and cold legs of the cells
are approximately egual. The center
column of the loop is considered
stagnant. There is convection between
the stagnant argon and surrounding
solid surfaces.

The turning center c¢f each loop is
located at the middle level c¢f the
annulus.

3. Flow in the annulus is driven by imag-
inary pumps whose pump head is deter-
mined by the difference in the static
head of the hot and cold leg.

4. The flow impedance of the loop is deter-
mined from the laminar friction factor,
f = 96/Re, ., and fhe pressure drop
coefficieR? of 3.0 (180° turn and exit
and entrance losses). The latter has
little effect on the total flow
impedance.

S. The heat transfer coefficient in the

channel is obtained from (3).
Re Pr

= Dh
Nu = 7.54 + 0.0234 —E7EH——

It is noted that the outermost loop has
the greatest influence in determining
the resultant temperature field.

FINITE ELEMENT THERMAL ANALYSES

The finite element thermal model consists
of the 246 isoparametric thermal solid ele-
ments (STIF 70 in Reference 2.), whose mate-
rials are either stainless steel or steel
shot, The main assumption in the model is
an adiabatic wall boundary condition in the
shaded region of Figure 1. 1In addition to the
solid elements, 39 radiation link elements
(STIF 31), 158 convection link elements
(STIF 34), and 72 transient thermal-flow pipe
elements (STIF 66) are used for the computer
model.

Natural convection from horizontal sur-
faces or vertical cylinders is assumed as:

Nu = 0,13 (Gr Pr) 173

. This relation is used for both the air
and argon sides.

Radiation between sodium and the wall is

"determined by assuming all ‘surfaces were

connected to an imaginary node in the center
of the enclosure and have a shape factor of
one between surface nodes and the center node.
This center node thus represents an average,



4

area-weighted temperature of all the surfaces
in the esnclosure.

The final analysis is done through an
iteration technigue by assignina an appropri-
ate pump head in the flow loop and subscyuent=-
ly verifying its accuracy by calculating the
static head differential based on the newly
determined temperature distribution.

CORRELATION OF EXPERIMENTAL DATA

are expected to be the same.

In order to correlate the experimental
data with the model, it is necessary to adjust
the relation between the input pump head and
the resulting static head-differential which

In general,

the

data show that the resulting head-dirfferential
is about three times higher than the inout

pump head at best correlation pcints.
be attributed to the eccentricity of the

annulus, entrance effects of the annulus,

It can

and

the deviation of the flow field frcm plane
These effects can increase

Poiseuille flow.

both the heat transfer coefficient and the
friction factor.
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Figure 2 shows the initial pump head
versus the resulting static pump head
differential for the outermost loop.
circles represent selected converged points
assuming a linear relation between the pump
head and the static head differential in the
vertical flow column.
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Figures 3,
son of the results with the test data.
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4 and 5 show the compari-

The

location of the thermocouples used in the
test are shown in Figure 1.

in Figures 3a,

93 psig (741 kPa) test data are compared
The agreement is

excellent.
test data appear near the top of the falling
column at 775°F (686 K) sodium temperature,
At this location, the temperature of the
argon reaches a minimum which is well below
the sublimation point of the sodium vapor.

3b and 3c.
Deviation of the results

from the
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FIGURE 3a. COMPARISION OF TEST DATA WITH
MODEL PREDICTION (SOLID LINE)
AT 93 PSIG (741 KPa) ARGQON PRESSURE
SODIUM TEMPERATURE: 475 F (519 X)
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MODEL PREDICTION (SQLID LINE)
AT 3 PSIG (122 KP3) ARGON PRESSURE
SODIUM TENMPERATURES 1889 F (811 X)

This suggests a possible exi<  1ce of sodium

frost which may influence ¢ llular
convection flow field.

Figure 4 shows the same co. ~ison at
61 psig (521 kPa) pressure. As .  pressure

decreases, the effects of convection weaken
significantly. However, test data indicate
that the model overpredicts the effect of
pressure reduccion. _ This may be a result of
using the same linear relation between cal-
culated head and assumed pump head for both
high and low pressures. When the pressure is
reduced to 3 psig {122 kPa), the results show
almost no effect of cellular convection.
Therefore, to improve the correlation, a
possible maximum pump head f{(a static head
differential based on the coldest and hottest
temperature in th: loop) is used instead of
the pump head obtained from the above
relation, along with a four cell convection
pattern. The results are compared in

Figures Sa, Sb, and 3¢ and show a good

agreement.

The discrepancies in predicted values
due to the convergence criteria in the lower
pressure tests can be c.ttributed to the
external air side convection between the pump
tank and the insulation. Test data also show
almost no change of 'temperature distribution
betwesn pressures of 3 psig (122 kPa) and
near vacuum. -

- It is suggested by Wooding (4) that a
square cell (four cell mode in our present
configuration) is most probable for adiabatic
walls. TFor infinitely conducting walls,
which can be applicable to our condition,

113

Edwards (1) shows that the number of cells may
be higher than exist with an adiabatic wall.
The difference in the number of cells betwzen
the stability theory and test results may also
be due to eccentricity effects.

CONCLUS IONS

A three-dimensional finite-element analy-
sis of the cellular convection phenomenon in

the Clinch River Breeder Reactor Prototype

Pump was performed using the computer code
ANSYS (2).

Steadv~state thermal data were obtained
for several test conditions for argon gas
pressures up to 93 psig (741 kPa) and sodium
operating temperatures to 1000°F (8l1l K}.
Test temperature distributions on the pump
tank and inner structure were correlated with
numerical results and excellent agreement
was obtained.

This madel has been used as the basis for
a design modification which is being imple-
mented in the prototvpe pump, and which will
be tested to confirm resolution of the
observed temperature asymmetry.
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