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ABSTRACT

An analytical study of the coolability of the control rods in the
Savannah River Site (SRS) K-Production Reactor under conditions of
loss of normal forced convection cooling has been performed. The
study was performed as part of the overall safety analysis of the
reactor supporting its _'estart. The analysis addresses the buoyancy-
driven flow over the control rods that occurs when forced cooling is
lost, and the limit of critical heat flux that sets the acceptance criteria
for the study. The objective of the study is to demonstrate that the
control rods will remain cooled at powers representative of those
anticipated for restart of the reactor. The study accomplishes this
objective with a very tractable simplified analysis for the modest
restart power. In addition, a best-estimate calculation is performed,
and the results are compared to results from sub-scale scoping
experiments.

INTRODUCq-'ION

An analytical study of the coolability of the control rods in the SRS K-
Production Reactor under conditions of loss of normal forced

convection cooling has been performed as part of the K-Reactor
restart program. This study was performed as part of the overall
safety analysis of the K-Reactor. The analysis in this work addresses
the buoyancy-driven boiling flow over the control rods that will
occur if forced cooling is 1,gst. For this condition of natural circulation,
the success criteria that was established for the analysis was that the
heat flux along the control rod would remain below the critical heat
flux (CHF). The goal of the analysis was to prove that the control
rods would remain coolable at power levels associated with restart of
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the production reactor in a condition of natural circulation. This
analysis tried to perform this work through the use of simple steady-
state calculations and substantiate these results through the use of
small scale scoping experirnents.

The control rods in an SRS reactor contain either lithium or cadmium

as their neutron absorbing material. They are housed in an assembly
called a septifoil. Each aluminum septifoil assembly contains internal
webbing to house as many as seven control rods. During normal
operation, only control rods containing lithium are inserted into the
reactor. These rods generate heat as a result of neutron capture
(resulting in an n,o_ reaction with the lithium) and deposition of
penetrating radiation (gamma radiation) produced elsewhere in the
reactor. Therefore, the control rods must be cooled to prevent
overheating. The assembly itself is seated on an upflow pin
(receptacle/nozzle) that routes forced convection cooling into the
assembly. The geometry of the septifoil is shown in Figure 1.

Figure 1. Septifoil
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During fueling activities, septifoil assemblies may be replaced or
otherwise removed. A number of checks are made to assure that the

septifoils are installed properly in the reactor. Despite
administrative controls and startup testing, there is a possibility that
the reactor could attain operating power levels with a septifoil
assembly unseated (i.e. improperly installed on its
receptacle/nozzle).

In the event that a septifoil is not seated on its up-flow pin, the
bottom of the septifoil will be open to the bulk moderator in the
reactor. Cooling can be maintained by natural circulation. If
nucleate boiling is maintained on the control rods, the cooling will be
sufficient to prevent over heating. On the other hand, if the control
rods transition into film boiling, the rods will heat up and potentially
melt. The success criteria for this study is therefore avoidance of
critical heat flux (CHF).

Critical Heat Flux Limit: The heat flux generated at the surface of the
control rods is sufficient to induce boiling within the septifoil. The
magnitude of the heat flux is fairly low as compared to typical values
required to cause CHF. The peak control rod heat flux is on the order

of 200 kW/m 2. Ordinarily, a heat flux in excess of 1 M W/m 2 is
required to cause CHF for water at atmospheric pressure. In the case
of the septifoil, the geometry has a great influence on CHF. Mishima
and Nishihara [1] performed experiments with natural convection
boiling and developed a correlation that was applicable to various
geometries. They observed that CHF was associated with the
transition of the flow regime from churn to annular. This
observation was related to the fact that in channels where the

surfaces are not uniformly heated, the film preferentially flows on
the unheated surfaces. Similar results have been observed by
Mishima and lshii [2] as well as EI-Genk and his co-workers [1311.
Because much of the surface area within a septifoil is unheated, it
was postulated that CHF could occur via this mechanism.

Mishima and Nishihara [1] correlated their results for CHF with the
expression of equation (1).

A / C24D'*" _G*Ahi )q* ='A'_'h[1 + (pg/p/)I/4]2 + h/g (1)
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where the non-dimensional quantities are defined as follows'

q* = q (2)
h/g4_pggAp

G
G* = (3)

4LpggA9

Dhe
D* = _ (4);V

_ =,_g_p (5)

and C = 0.98 for annuli [1].

This relationship for critical heat flux limits the total energy that can
be absorbed by the water within the septifoil to a constant value
plus the total subcooling of the water that flows through the septifoil.
This can be seen more readily if equation (1) is re-written as
equation (6)

( C2Ahfg4 9e,gapD )Q= 1/412 + Ahim (6)[l+(pg/9/)

lt is interesting to note that equation (6) shows that the septifoil
power required to result in CHF is dependent on water properties,
the geometry of the septifoil, the total mass ! :Jw and initial
subcooling only. This permits the allowable septifoil power to be
calculated as a function of flow rate, independent of the calculation of
septifoil performance. The power resulting in CHF is shown in Figure
2 as a function of flow rate.

t Prediction of Flow in the Septifoil" The septifoil flow is determined

i by finding the flow rate where the drop balances the
pressure

density head imbalance between the boiling flow within the septifoil,
i and the water outside the septifoil. Several two-phase flow pressure

drop calculations were used to predict the flow. These included the
homogeneous flow model, the Martinelli-Nelson correlation, a drift-
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flux approach, and a two-fluid model as implemented in the TRAC
computer code I14]. Of these, the homogeneous flow model predicts
the lowest flow, and so is the most conservative. Because the
geometry of the septifoil is complex, and the applicability of the
more complex correlations was unknown, the simple, and most
conservative flow model was used.

Figure 2. Power to Result in CHF Based on Mishima Correlation

The two-phase pressure loss within the septifoil is calculated using
simple 1-dimensional flow correlations. These correlations are
described in [5]. These correlations are based on the simple premise
that the friction loss for two-phase flow is equal to the single-phase
liquid flow friction loss times a correction factor and that void
fraction is a function of flow quality. This homogeneous model
simply assumes that the liquid phase and the vapor phase move with
the same velocity (i.e. there is no slip between the phases). The
general equation for pressure drop holds that the total pressure drop
is the sum of components accounting for friction, acceleration and
gravity. These terms are described below:



_II IFis,,,o2 s= " 2Dh' .....j@0 (8)

_(dp Ga d [ x2_g (1-x)2_oy]d-'7"z)a= d-'Tzk_ + (l-a) (9)

(dp)= g[o_pg+(1-o:)pf] (10)

Where the friction factor (fro) is a Darcy friction factor (4 times the
Fanning friction factor or skin friction coefficient), and the gravity
term is for vertical up-flow.

Closure of this equation set is achieved with the expressions for the
two-phase friction multiplier and the relationsl_ip between the void
fraction and the flow quality. These expressions are presented below
for the homogeneous model.

. @0 = [ l+x(agyg 11 -1/4

= X_3ga = - (12)
[XVg+ (1-x)_/]

=

9

_" The state of the water rising in the septifoil is then found b_, a simple

steady-state energy balance. The simple model has the advantage

that none of the very complex aspects of two-phase flow are

modeled and therefore the model is very tractable. Conservatism is
built into the approach by applying a safety factor to the frictional

ii pressure drop. This factor can be made large enough to cover the
,, g

uncertainty associated with the more detailed physics of two-phase
flow.

,f t_ II I
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The geometry of the septifoil is relatively complex, lt is possible that
the presence of the perforated septifoil spider may tend to interfere
with the flow to a greater extent than predicted by the simPle model
based on using an equivalent hydraulic diameter. As an additional
conservatism, ali of the flow resistance parameters (the inlet loss
factor, the friction factor, and the outlet loss factor) were multiplied
by factors to increase the effective resistance, and thus to reduce the
flow. Factors of 2, 3, and 4 were used to illustrate three levels of
conservatism. The predicted flow rates in the septifoil as a function
of septifoil power for both the nominal case and the cases with
increased flow loss factors are shown in Figure 3.

Figure 3. Septifoil Flow Prediction-Nominal and Increased Resistance

RESULTS

The power limit of Figure 2 superimposed on the flow prediction of
Figure 3 is shown in Figure 4.

The intersection of the Mishima-Nishihara correlation line with the

flow predictions establishes the power limit where CHF would be
predicted. The precise power at the intersection of these lines is not
easy to determine, but it is adequate to take the power associated
with the data point on the Mishima-Nishihara line just below the
intersection. This value is sufficiently near but conservative with



respect to the actual data so as not to warrant closer examination.
The limiting powers for the nominal case and the cases with
increased flow losses are shown in Table I. The loss multiplies of 2,
3, and 4 represent large factors of safety in the analysis, lt would be
expected that the unmodified homogeneous flow model would be
conservative. A factor of safety is appropriate to cover the
uncertainties in the analysis, however. The discussion in the next
section on the experimental results will clarify the required
conservatism.

Figure 4. Flow Prediction and CHF Limit

The conservatisms incorporated into these numbers are as follows:

• Flow is predicted using tile simple homogeneous flow
model. This model gives conservatively high values of
flow losses relative to models that include slip. Two such
models have been applied to the unseated septifoil: The
Martinelli-Nelson model, and a relatively sophisticated drift
flux model. In each case, the slip models predicted the same
(in the single-phase dominated cases) or greater (in the two-
phase dominated cases) flow than the homogeneous calculation.
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• Heat transfer by conduction through the septifoil
housing is neglected, This heat transfer is estimated to
be several kW (on the order of 5-10 kW).

i

• The septifoil power includes margin to cover
uncertainties in the prediction of the septifoil power.

• 5 rods were assumed to be inserted into the septifoil;
generally, the reactor will have fewer than 5 rods in ali of
the septifoils when operating at power.

Table 1. Septifoil CHF Limit for Several Loss Multipliers

Loss Multiplier Septifoil CHF Reactor Power Reactor Power
Power (kW) (MW) (% of 2400 MW)

: 1 212 1155 48%
' 2 164 894 37%

3 13 2 7 1 9 30%
4 1 1 5 627 26%

A sub-scale experiment was conducted to provide measurements
against which to compare the methods used to evaluate cooling of the
unseated septifoil in the reactor. This experiment consisted of an
actual septifoil housing, with a section cut from the middle to shorten
the total assembly length to 70 inches. Five electrical heaters were
inserted into the housing to simulate the heated control rods. The
heater had a heated length of 49.75 inches, and was heated
uniformly. A calorimeter shell was installed around the septifoil
housing for the purpose of measuring the amount of heat transferred
by conduction through ttle septifoil housing. The test geometry is
illustrated in Figure 5.

The test was conducted "aside a large transparent tank. The test
section was fed with 70 °C water through a box attached to its
bottom. This water flow into the box was measured by the weight of
a tank from which it was extracted as a function of time. The test

was conducted by setting a heater power then holding it steady for
several minutes to allow conditions to stabilize. The process is them
repeated at a higher power level until CHF is experienced or the
heater capacity is exceeded. The results at four test points are
summarized in Table II.

9
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i Figure 5. Four-Foot Septifoil Cooling Test
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Table II. Results from the Four-Foot Test

Rod Power Septifoil Flow Chugging Period Observations
(k W) (1b s/s e c ) (see)
38,6 0,34 3 0 11% of power

transferred

through
housing

67.2 0.0 no chugging Inlet flow
observed stopped or

reversed, CHF
36.0 0.36 23 experienced at
46.0 0.36 2 1 top of the rods
66.0 0.0 no chugging Inlet flow

observed stopped or
reversed, no
CttF was

e xperle nced,
conditions held
for

approximately
two minutes

The simple steady-state method was used to analyze the test
conditions for the four foot test. A few changes were made to the
computer program to accommodate the test conditions. These
changes were to add properties for light water at atmospheric
pressure as an alternative to the built-in properties for heavy water
at 20 psia.

In addition to the changes made to the code, modifications were also
made to the program input to reflect the differences between the
test and the septifoil in the reactor. The only changes to the input
file were:

1) the shorter length,
2) the uniform power profile,
3) the increased outlet resistance resulting from the weir.

The results of the analysis of the four foot septifoil is shown in Figure
6. As with the full sized septifoil analysis, the homogeneous two-
phase flow model was employed, and the inlet resistance, outlet

11
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resistance, and friction factors were increased by a constant factor in
order to add conservatism.

=
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r, Figure 6. Flow Prediction for the Four Foot Test

The most apparent observation that can be made is that the flow
measured in the test is significantly less than predicted by the
analysis. The plot includes flow predictions with pressure losses
increased by factors of 2 and 3 as well as 8 above nominal
correlations. An increase on the order of 3 to 8 is required to make
the flow prediction consistent with the test results. The Mishima
correlation predicts CHF to occur at a power levels of 88, 72, 63, and
50 kW for resistance multipliers of 1, 2, 3, and 8 respectively.

lt would be remarkable to conclude that the homogeneous flow
model under-predicted the two-phase flow resistance by a factor of
2, let alone a factor of 3 to 8. Also, this model completely fails to
explain why flow apparently stops at the high power test points.
Therefore, one must look for an alternative explanation for the
disagreement between the test data and the prediction. One item
that suggests a difference is the data point at a rod power of 66 kW,

lt is illustrative to look at the actual test data presented in Figure 7.
Test power is displayed relative to the right-hand axis. The test

, power is held constant at several levels during the experiment, while
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flow and temperatures are allowed to steady out. At the 67.2 kW
test point and the 66 kW test point, the weigh tank from which the
inlet flow is drawn assumes a constant weight, indicating that flow
has stopped. At these two data points, the test engineers observed
that the inlet flow had reversed, and flow was exiting he bottom of
the test section. This behavior is observed to persist for several
minutes. In the first case, the outlet temperature is observed to
climb rapidly, indicating the occurrence of CHF. In the other, cooling
is maintained. In both cases, the test engineers report the vigorous
production of steam from the test section. This raises the question of
how the water enters the test section. Since cooling of the rods is
maintained in one of the cases, water must somehow enter the test
section.

Figure 7. Four-Foot Test Results

The answer to this question may be that water is entering from the
top. This would be possible, because oi" the restriction of the weir
downstream of the exit holes of the septifoil. The weir has a flow
area less than tlAe septifoil outlet slots (and holes). Therefore, it may
assume a disproportional share of the two-phase exit pressure loss.
This would result in a situation in which the pressure inside the
septifoil is only slightly less than the pressure in the outer shell. A
small pressure drop across the holes may allow water from the shell
to enter the holes, that are located below the slots, while steam exits
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the slots. If water entered the septifoil from the top, the flow
measurement into the bottom of he test section would not account
for ali of the inlet flow. Further, sub-cooled water from the shell
might tend to flow down the inside of the septifoil housing (counter-
current to the steam flow) and condense the steam at the top of the
septifoil. The effect of such a counter-current flow would be to
reduce the steam flow at the top of the septifoil. That might degrade
its capacity to transport liquid water through the septifoil and
promote dry-out.

The solution to this quandary will require further experimentation.
For the present, it is sufficient to conclude that the presence of the
weir complicates the test in such a way that cooling of the rods is
adversely affected. Given this conclusion it is less troubling that the
analytical method fails to accurately predict the measured flow and
CHF for the experiment.

Relative to the prediction of CHF, the analytical method agrees with
the test data, if the conservatisms noted above are accepted along
with an increase of the flow resistance by a factor of three. Given
that the w.st results are very conservative for the reasons discussed
above, higher multipliers would be unwarranted, lt would seem
reasonable to conclude that tripling the flow losses and neglecting
heat transfer through the housing produces a conservative result.
Using this approach, a reactor power of 30% is justified based on
Table II.

CONCLUSION

The analysis justifies coolability of the control rods by natural
circulation nucleate boiling at zt reactor power of 30% of traditional
power (720 MW, or 30% of 2400 MW). The calculation is based on a
conservative, steady-state analysis using a homogeneous two-phase
fluid model and a multiplier on the pressure losses by a factor of 3.
This factor is believed to be very conservative, but is required to
match the superficial results of the four-foot septifoil test. Aspects
of the test result are very conservative, because defects are
suspected in the method that flow was measured (flow is suspected
to enter the top adding to the measured flow entering the bottom).
The success criteria for septifoil cooling is CHF predicted by the
Mishima-Nishihara correlation Ill.
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NOMENCLATURE

A flow area Vg specific volume of the vapor phase

A h heated area Vfg density difference between the liquid
C Constant in the Wallis and vapor phases

correlation for flooding x quality
D hydraulic diameter z length
Dhe heated equivalent diameter ot void fraction
D* dimensionless tube diameter 13 areas ratio for loss coefficients
f friction factor _ length scale of Taylor wave

G mass velocity pf density of the liquid phase
G* dimensionless mass velocity pg density of the vapor phase
g the acceleration due to gravity Ap difference between the density of
hfg heat of vaporization the liquid and vapor phases
zXhi inlet subcooling enthalpy _ surface tension

K form loss coefficient qb._o two-phase friction multiplier
p pressure lag kinematic viscosity of the vapor
AP pressure drop phase
na mass flow (GA) lafg difference in kinematic viscosity
Q Power (qAh) between the liquid and vapor phases

q heat flux q* dimensionless heat flux
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