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ABSTRACT

The efficacy of pipe radiation losses as a heat sink during LOHS
in a loop-type LMR plant is investigated. The Super System Code
(SSC), which was modified to include pipe radiation losses, was used
to simulate such an LOHS in an LMR plant. In order to enhance these
losses, the pipes were assumed to be insulated by rock wool, a mate-
rial whose thermal conductivity increases with increasing temperature.
A transient was simulated for a total of eight days, during which
the coolant temperatures peaked well below saturation conditions and
then declined steadily. The coolant flow rate in the loop remained
positive throughout the transient.

INTRODUCTION

A typical protected loss-of-heat sink (LOHS) accident progression con-
sists of three stages; 1) heat-up, 2) boiling, and 3) dry-off [1]. While
plant type and design will affect the timing of this sequence, unless an ad-
ditional heat sink is available, the accident will eventually lead to struc-
tural failures and meltdown. Therefore, design efforts have focused on pro-
viding some sort of direct reactor heat removal system to provide an addi-
tional heat sink. Such systems usually Involves air-to-Na or air-to-NaK he-
at exchangers.

For loop-type liquid metal plants (LMRs), an additional passive heat
sink may be available, via radiation loss through the reactor primary system
boundaries, in particular, the primary system piping. If such a model of
heat transfer is possible, it would provide an economical and reliable al-
ternative to engineered auxiliary heat removal systems. This heat loss al-
ternative has been examined previously for the SNR-300 plant and the deter-
mination made that such IOSSCJ do provide a credible-heat sink [2]. The ef-
ficacy of this heat sink was attributed to the thermal properties of the
rock wool material used for pipe insulation, since the thermal conductivity
of this material increases with increasing temperature.



To investigate whether this material could have a significant: effect on
LOHS accidents in other types of plants, it was decided to simulate an LOHS
event for an FFTF-type plant, whose primary piping systems were insulated
using rock wool. The Super System Code (SSC) [3] was used to perform the
simulation.

SSC has baen developed at the Brookhaven National Laboratory (BNL) for
the thermal hydraulic analysis of natural circulation transients, opera-
tional transients, and other system wide transients in LMR nuclear power
plants. SSC is a generic, best estimate code that models the in-vessel com-
ponents, heat transport loops, plant protection systems and plant control
systems. SSC also simulates the balance of plant when interfaced with the
MINET code [4]. SSC has been validated against both numerical and experi-
mental data bases [5,6] and is now used by several outside users [7].

The next section of this paper discusses the modeling changes made to
SSC to account for the effect of pipe insulation losses. The following sec-
tion describes the LOHS accident simulation and discusses the results of
the simulation. The paper is concluded with a brief summary and a short
discussion on the possible impact of improved insulation on LOHS events.

MODIFIED PIPING THERMAL MODEL

The piping thermal model currently in SSC is a one-dimensional, discrete
parameter representation, with two radial nodes (coolant, pipe wall) and a
user specified number of axial nodes [8]. The coolant flow is single phase
and incompressible. Axial conduction in the walls and frictional heating
are neglected.

In addition to the above assumptions, the pipe walls were assumed to be
perfectly insulated on the outside. For plants of the CRBR type with stan-
dard insulation, this assumption was adequate especially at full power oper-
ation or during relatively short term transients (typically less than 1
hour) [8J. The adequacy of this assumption for extremely long time tran-
sients wad not addressed in an earlier report [8].

These assumptions lead to energy balance equations for a single axial
node (see Fig. l.a) of the form:
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where, . . .

p. » density of coolant in the i-th pipe node

V. = volume of coolant in the i-th node

h. . - exit coolant enthalpy

W * coolant mass flow rate

h. » inlet coolant enthalpy

(UA)^ - overall heat transfer coefficient between the coolant
and pipe wall

T. « average coolant temperature in the i-th wall

M** « mass of the pipe wall in the i-th node

cf = heat capacity of the pipe wall in the i-th node

Tj =* pipe wall temperature in the i-th node

A "donor cell" approach was used in the development of these equations.

To model the effect of piping insulation (see Fig. l.b), Eq. 2 was modi-
fied as:

MI CI I t T i " (UA)cw ^ " # - < U A )WA [TI - TA1 <3>
where,

(UA)W- « overall heat transfer coefficient (including the thermal
resistance of the insulation) between the pipe wall

T. •• ambient (containment) temperature
A

In this model, the heat capacity of the insulation was neglected since this
contribution was a fraction of the thermal mass of the node. This assump-
tion increased the computational efficiency and was clearly conservative
since any additional thermal mass would reduce the temperature increase dur-
ing a loss of heat sink accident.
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Figure l.a Model Configuration for Energy Balance With Adiabatic
Outer Pipe Surface
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Figure l.b Model Configuration for Energy Balance
With Insulation Losses



The expressions for the overall heat transfer coefficients are:

p o i I o s a

where,

L » length of axial node

r. » pipe wall inner radius

h =» convective heat transfer coefficient between the coolant and
pipe wall

k = thermal conductivity of the pipe wall

r = pipe wall outer radius

k_ = thermal conductivity of the insulation

r = radius of the outer surface

h = the combined convective and radiative surface heat transfer
coefficient

The convective heat transfer coefficient, h, and the pipe wall thermal
conductivity, k , were determined using functions already present in SSC
[3]. The piping* insulation thermal conductivity was obtained using the re-
lation [2]:

kj [W/m °K] = 0.003 + 10"1* T + 2.10 x 10" 1 0 T 3 (6)

The combined surface heat transfer coefficient was taken to be

ha = hconv + hrad

- 0.8512 (Tg - T A )
0 * 2 5

+ 2.3035 x 10"9 (T£ - T^)/(TS - TA) , (7)

where Tg is the surface temperature of the insulation [4].



In the steady-state, these equations are solved by setting the time de-
rivatives to zero ill Eqs. 1) and 3) and solving the resulting algebraic
equations for h . , T., and T^, at each node. Since the two overall heat
transfer coefficients, (UA)-^ and (UA) ., depend on these temperatures, an
iterative procedure is employed.

In the transient, the overall heat transfer coefficients are evaluated
at the previous tine step temperature value. The heat flux between the
coolant and pipe wall and the heat flux from the pipe wall to the atmosphere
are treated explicitly.

TRANSIENT DESCRIPTION AND RESULTS

To determine the effect of rock wool insulation on a complete loss-of-
heat sink accident, a transient was simulated using SSC on a reactor similar
to FFTF, i.e., a 400 MWth loop type reactor with three parallel heat trans-
port trains. In this hypothetical plant, the primary piping in all three
loops was assumed to have a 0.152m (6") layer of rock wool insulation. At
time t - 0, all heat transfer across the IHXs was stopped, followed by a re-
actor scram with pump trip at 0.6(s). The reactor vessel is considered to
be adiabatic. The only heat loss is through the piping to the reactor con-
tainment, which is assumed to be at a constant temperature of 295.6°K
(72°F). It was intended that the transient be simulated until the tempera-
tures were on an established downward trend or until the coolant boiled.

The decay power for the fuel assemblies was Initialized at 5% of the
steady-state power. The normalized decay power was obtained from a table
for the first hour of the transient. After the first hour, the normalized
decay power was calculated using the expression

Pnorm " « 1 7 4 * " W <8>

where the time, T, is in hours.

Figure 2 shows the core average coolant temperature and reactor vessel
outlet temperature. During the first day of the transient, both the core
average and reactor outlet temperatures show a cyclic pattern which is typi-
cal of transients with natural circulation. The reactor outlet temperature
oscillations are damped and delayed in time with respect to the core average
temperature because of the volume of coolant in the reactor upper plenum.
After 24 hours, the coolant enters a stage of adiabatic heat-up. Without an
additional heat sink, the coolant temperatures would continue to rise until
the coolant reached saturation (~1200°K). In this case, the pipe radiative
losses slow the rise until approximately 5 days into the transient, when the
temperatures essentially remain constant at approximately 920°K (~1200°F).
The temperature reaches a peak slightly below 923°K at 6.5 days. The tem-
peratures then begin a slow, but established decline to 915CK at 8 days,
when the calculation was terminated.



The IHX primary inlet and primary outlet temperatures are shown in Fig-
ure 3. They show the same behavior as the core temperatures, although some-
what delayed In time. The peak temperature reached in the IHX is lower than
the core peak temperature due to the radiative pipe loss.

The primary loop flow rate is shown in Figure 4. It shows a cyclic pat-
tern during the first day of the transient, then rises slightly between days
2 and 6i The noticeable increase in the flow rate, which occux's at around
6.5 days, is due to the re-establishment of positive flow in the cold chan-
nel of the reactor core. Due to buoyancy-driven flow redistribution, this
channel had experienced reverse flow since the very early stages of this
LOHS event. At this particular time in the transient, conditions in the
core are such that a positive flow rate can once again be established in
this channel. Once re-established, the frictional forces (which increase
sharply at very low flow rates [9]) are reduced, thus permitting the over-
all loop flow rate to increase as well. Even though, as seen in the figure,
the flow rate has remained relatively constant at slightly greater than 0.5%
of the steady-state value. This behavior is consistent with the behavior of
the coolant temperatures.
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CONCLUSIONS

SSC has been used to simulate a long term, protected LOHS accident in a
loop type liquid metal plant. The purpose of this simulation was to assess
the effectiveness of radiative pipe losses as an alternate heat sink. To
enhance the effect of these radiative losses, the.pipes were assumed to be
insulated by rock wool, a material whose thermal conductivity increases with
increasing temperature. The transient was simulated for a total of eight
days. After 6.5 days, the coolant temperatures decreased steadily. The
coolant flow rate remained relatively constant through the major portion of
the transient at about 0.5% of the steady-state value.

The overall effect of the piping radiative losses can be significant.
However, the effectiveness of this heat removal mechanism depends on the
plant overall thermal capacity. The overall thermal mass of the system must
be sufficient so that the coolant does not begin to boil at moderate decay
heat levels. In this particular transient, once low decay heat rates were
reached, the radiative losses were able to eventually reduce the core tem-
peratures. Evan though the event is concluded with no boiling and no subse-
quent meltdown, the entire primary loop.piping system has been exposed to
elevated temperatures for an extended period of time, which may exceed cer-
tain structural design limits.
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