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UPDATED PIPE BREAK ANALYSIS FOR
ADVANCED NEUTRON SOURCE REACTOR CONCEPTUAL DESIGN
lVLW. Wendel, N. C. J. Chen, O. L. Yoder
Oak Ridge National
Laboratory
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ABSTRACT
The Advanced Neutron Source Reactor (ANSR) is a research reactor to be built at the Oak Ridge
National Laboratory that will supply the highest continuous neutron flux levels of any reactor in
the world. It uses plate-type fuel with high-mass-flux and highly subcooled heavy water as the
primary coolant. The Conceptual Safety Analysis for the ANSR was completed in June 1992.
The thermal-hydraulic pipe-break safety analysis (performed with a specialized version of
RELAP5/MOD3) focused primarily on double-endeA guillotine breaks of the primary piping and
some core-damage mitigation options for such an event. Smaller, instantaneous pipe breaks in
t_ cold- and hot-leg piping were also analyzed to a limited extent. Since the initial analysis for
theconceptual
design was completed,
several
important
changestotheRHLAP5 inputmodel
havebeenmade reflecting
improvements
inthefuelgrading
andchangesintheelevation
ofthe
primarycoolant
pumps. Also,a new philosophy
forpipe-break
safety
analysis
(similar
tothat
adoptedfortheNew Production
Reactor)
accentuates
instantaneous,
limited
flowareapipe-break
accidents
inaddition
tofinite-opening-time,
double-ended
guillotine
breaksofthemajorcoolant
piping. This paper discloses the results of the most recent instantaneous pipe-break calculations.

•.

The limiting phenomenon for the instantaneous pipe break in the ANSR is the propagation of an
expansionwave from the break site into the fuel channel. Although the ANSR is equipped with
a gas-pressurized accumulator, the primary coolant is normally a single-phase liquid so that a
sudden pipe rupture is accompanied by a local depress_rization that propagates at the speed of
sound within the primary coolant. Upon reaching the core, this rarefaction wave causes the
saV.trationtemperature and, therefore, subcoolingto temporarily drop in the fuel channel so that
local heat-flux levels may exceed core themmI limits (such as flow excursion or CHF). Acoustic
energy is reflected and transmitted at various area changes along the propagation path. Two
significant reflections are identified with flow area reductions upstream and downstream of the
core. A refined RELAP5 spatial discretization has been used to calcuiate more accurately the
amplitude of the expansion wave as it reaches the fuel. Unlike the discrctization used for
previous analysis, the refinement extends throughout the primary coolant system. Although
numerical dissipation and dispersion errors in the RELAP5 results arc noticeable, the limiting
break size is consistent with one-dimensional hand calculations based on linear acoustic theory.
The longer term behavior of the system is also discussed in terms of fuel thermal limits that are
directly affected by primary-pump coastdown, accumnlator injection, and secondary-pump
coastdown.
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INTRODUCTION
The Advanced Neutron Source Reactor (ANSR), currently in the advanced conceptual design
stage, is a research reactor to be built at the Oak Ridge National Laboratory that will supply the
highest continuous neutron flux levels of any reactor in the world. It uses plate-type fuel with
high-mass-flux and highly subcooled heavy water (]320) as the primary coolant, which flows in
an upward direction through the core. The primaryis typically a single-phase liquid, with makeup supplied by a low-flow, high-head pressurizing pump, and pressure controlled via letdown
control valves.
The present core design includes two coaxial fuel elements that are offset axially from one
another. The elements are surrounded by a double-walled core pressure boundary tube (CPBT),
which separates the high-pressure core flow from the low-pressure reflector tank. Each core half
consists of many involute-shaped fuel plates arranged in an annular geometry that maintains
constant spacing between the fuel plates.
The primary cooling system is composed of a main hot-leg that splits off into four heatexchanger/pump loops (only three of which are valved into the system at any time). The design
also includes a gas-pressurized accumulator within each loop located upstream of the heat
exchangers. Except for several
limited-volume cells, the piping is submerged in a light-water
pool which prevents ak ingestion and m_int_insa higher-than-atmospheric pressure during a pipe
break accident. Each limited-volume cell is small enough that, should a pipe break occur in the
cell, the accumulator injection would be sufficient to flood the cell so that the coolant pipe would
be covered with heavy water before air could be ingested. After passing through the heat
exchanger and the pump, the coolant is returned to the core inlet at the primary supply vessel
adapter weldment (PSVAW), which is a junction of the four independent cold-legs and the
CPBT. An inertial flow diode (IF) is located in each cold-leg iramcdiatcly upstream of the
PSVAW. The IFD is a local flow-area reduction segment shaped with a bias for flow in the
normal direction. The main hot-leg header contains a venturi flow me1_er,which is also important
(as will bc shown) to the pipe-break analysis.
The initial pipc-b_eak analysis I for the conceptual design was performed with a specialized
version of RELAP5/MOD3 Version 7AC. The modifications I represent the implementation of
correlations that_are more relevant to the ANS reactor. The Conceptual Safety Analysis pipebreak study focused primarily on double-ended guillotine breaks of the primary piping and some
cot-e-damage mitigation options for such an event. Smaller, instantaneous pipe breaks in the
cold- and hot-leg piping were also analyzed to a limited extent. However, a new philosophy for
pipe-break safety analysis has been adopted that accentuates instantaneous, limited flow area
pipe-break accidents in addition to finite-opening-time, double-ended guillotine breaks of the
major coolant piping. This new approach is similar to that used for the New Production
Reactor2 (NPR) and is based on both experimental data and finite element analysis.
Since the initial conceptual-design analysis was performed, the RELAP5 input model has been
modified because of changes in the reactor design and additional experience with the model
discretization. The overall fuel grading has been updated to an improved fuel loadingdesign.
Also, the piping layout has been modified. The most important aspect of the piping layout
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change is that the primary coolant pumps have been raised 7 m above the location used in the
initial analysis. Experience gained from recent parametric studies with the model discretization
has been used to simulate the instantaneous pipe break transients more accurately. The extent
to which the discretization has been improved does not affect the results of the slower opening
double-ended guiUotine PSVAW break simulations, which were of primary interest in the
Conceptual Safety Analysis study because those breaks were not assumed to be instantaneous.
However, with the current emphasis on small, instantaneous breaks, where pressure wave
propagation (at acoustic velocity) is a prevaifing phenomenon, the node lengths and uniformity
in the discretization are much more important.
The purpose of the present study is to determine the limiting (largest) circular-orifice pipe break
that can be survived without exceeding the fuel thermal limits. The break locations considered
are at the core inlet (PSVAW) and at the core outlet (main hot-leg header). Break diameters are
incremented in steps of 25 mm (1-in.). The following two limiting criteria, the violation of
which may lead to fuel damage, are compared with the maximum local fuel heat flux: (I) the
Costa 3 onset-of-significant-void (OSV)correlation for predicting flow excursion (FE), and (2)
the Gambill4/v_roatherhead
s critical heat flux (CHF) conelation. The Costa limit is proportional
to the fuel channel subcooling and the square-root of the average fuel channel velocity. The
CrambillCI_ correlation for high-mass-flux, subcooled CHF is calculated using the Weatherhead
correlation for predicting the wall temperaV.tre. As it turns out, the Costa correlation is the more
conservative of the two. Experimental work using the ANS fuel geometry is ongoing and may
lead to the adoption of a new FE correlation in the futme. In this paper, two separate limiting
break sizes are detennined at each location (one for CHF and one for FE) so that the benefit of
relaxing the Costa limit will be evident.
Version 8K0 of RELAP5/MOD3 has been used in the present analysis instead of the 7AC version
that was used in the Conceptual Safety Analysis. This change was made to take advantage of
an improved implementation of the Colebrook single-phase pressure drop correlation in Version
8K0. The ANS-specific modifications to the RELAP5/MOD3 source code that was used in the
initial analysis are also used here.

MODEL DESCRIPTION
The RELAP5 model includes a detailed representation of the core region and primary coolant
loops. In Fig. 1, all the RELAP5 pipe components in the core region are labeled. Each pipe
component contains mUltiple themlal-hydraulic control volumes that are not shown except in the
upper-core fuel channels. Also, the pressurizing and letdown pressure control systems are
included in open-loop fashion.
Core poweriscalcUlated
usinga pointkinetics
modelwithfeedback
frombothcoolant
density
change anti control rod movement. Each set (upper and lower) of fuel element coolant passages
is modeled with an average channel and two hot channels that represent the most limiting axial
relative power density profile and have a minimum chaxtilel gap. For each fuel element, one of
these hot channels represents 95% nonexceedance probability uncertainty levels (for analysis of
unlikely events), and one represents 99.9% nonex_ce
probability uncertainty levels (for the
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the 95% uncertainty limits apply. Each of the fuel channels is divided into five axial segments.
In addition, within each hot channel, two hot stripes exist (one for FE and one for CHF) which
are associated with power peaking factors at the appropriate probability levels.
The refined model used in the pipe-break simulations consists of 1741 thermal-hydraulic control
volumes, 1749 junctions connecting the volumes, and 368 control variables. Each node is --0.2
m in length, except in the fuel element channels (0.1-m lengths) and in the heat exchangers (1to 2-m lengths).
The strategy for discretization was to use a small node length while
maintaining relatively uniform node length throughout the system. The node-length parity was
found to be very important based on results of parametric studies done for acoustic wave
propagation through a single pipe. It was found that if the node size changed by more than a
factor of 2 across a given junction, a noticeable numerical disturbance was produced at that
junction when an acoustic wave passed. The heat exchangers were not refined because they
require an extremely large number of nodes, and hence much more computational memory, disk
storage and CPU time, and because they are so far removed from the core, the advantage of
refinement would be minimal. However, this means that any acoustic wave passing through a
heat exchanger or reflected off of a heat exchanger may be badly distorted.
The steady-state condition used as the starting point for each pipe-break simulation is perturbed
from the nominal conditions to represent uncertainties in reactor power, system pressure, core
pressure drop, and inlet temperature. Each pipe break simulation is truly instantaneous in that
it proceeds as a restart from the steady state. A hole in the piping is defined as part of the restart
input file so that as soon as the calculation begins, mass is allowed to escape the primary system.
The RELAP5 abrupt area change model is used to specify flow resistance through the break
orifice. The orientation of the break plane was perpendicular to the primary flow direction (i.e.,
flow passing through the break orifice is directed parallel to the normal coolant flow direction).
This orientation has been found to be slightly conservative compared with a cross-flow
orientation. The discharge is to the surrounding light-water pool in all cases. The hot-leg breaks
occur at a depth of 17.3 m in the pool, and the PSVAW breaks are at a depth of 23.6 m.
In conjunction with the pipe break (assumed to occur at time = 0. s), a simultaneous loss-ofoffsite power is assumed to cause an immediate trip of the pressurizing pump motor, primarycoolant pump AC motors, and secondary-coolant pump motor. An anticipatory trip of the reactor
is not assumed. Rather, the reactor trips on low pressure. Secondary coolant flow is assumed
to coastdown to 3.2% of nominal, based on results of a separate natural convection simulation
that has been done with a detailed secondary-side model. Pony motors, powered by DC batteries,
continue to drive the primary-coolant pumps, supplying 10% of nominal flow for the first 30
minutes (1800 s) following the station blackout. After the 30 minutes have elapsed, the pony
motors are tripped (as the batteries are depleted) and the primary flow transitions from forced to
natural circulation. Although a simultaneous trip is conservatively assumed, it is very unlikely
to occur because each of the pony motors is powered by a different set of batteries.

i

PSVAW PIPE BREAKS
Figure 2 shows that the largest survivable instantaneous pipe break based on FE is a 102-mm (4in.)-diam break since a 127-mm (5-in.)-diam break results in violation of the FE limit. The FE
thermal limit ratio shown in Fig. 2 is defined so that as long as it is greater than unity, the fuel
is expected to be safe from flow excursion. During the first 0.1 s, large oscillations in pressure
(Fig. 3) at the core exit significantly reduce the FE thermal limit while the fuel heat flux remains
nearly constant. The limit is reduced because the subcooling is reduced with the oscillations in
saturation temperature. The two minima that stand out so clearly for the 127-mm (5-in.) break
result from reflections off of the IFD (upstream of the core) and the flow meter venturi
(downstream of the core). The FE limit remains below the fuel heat flux for only 2 ms for each
minimum, and it is possible that this duration would not be sufficient to produce a flow
excursion. Work is currently under way at ORNL to quantify the time necessary for a flow
excursion to occur.
The maximum survivable break based on CHF is a 127-mm (5-in,) break since a 152-rnm (6-in.)
break results in violation of the CHF limit (Fig. 4). This break could lead to fuel damage as
temperature limits at the hot spot are exceeded. As with FE, the CHF thermal limit ratio is
defined such that the limit has not been exceeded (this time from CHF) as long as the ratio
remains above unity. However, the exceedence of the CHF limit will occur during a single time
step (probably not one of those plotted) and is immediately followed by an extremely high
thermal limit ratio (> 100) due to a very low wall heat flux (which comprises the denominator
in the expression for CHF thermal limit ratio). Since RELAP5 does not output the CHF limit
unless the fuel surface temperature is above the saturation temperature in the fuel channel, CHF
values are not shown for most of the transient. Once the predicted CHF limit equals the fuel
surface heat flux, the fuel surface heat flux falls sharply because of the transition to film boiling
and the ratio skyrockets off of the plot in Fig. 4.
After the first 0.1 s, FE ratios remain large. Also, the CHF ratio remains well above unity after
the first O.1 s. The longer term results are nearly the same for all break sizes. Before 1 s has
elapsed, the FE ratio recovers to about 60. This recovery is due to the reduced heat flux
resulting from reactor scram, which is initiated by a low system pressure signal. Immediately
after the recovery, the FE ratio begins to fall because of declining core flow (Fig. 5) as the
primary coolant pumps coast down to pony motor flow. This coastdown is completed by about
20 s, and the flow remains constant so that the FE ratio once again increases due to diminishing
decay heat. For all break sizes, the break flow (Fig. 5) becomes zero (core inlet pressure
equillibrates to pool pressure) by 400 s. At 1800 s, the pony motors are tripped and the
transition to natural circulation in the primary loop occurs. The effect of pony motor availability
is addressed in other recent work, 5
The RELAP5 choking model is disabled at all internal junctions for each of the simulations
discussed here. However, its use does not impact the limiting break sizes discussed because for
breaks with a diameter of 102 mm (4 in.) or less, the coolant remains a single-phase liquid, and
the sou.-,d speed is far above the flow velocities in the piping. For a 127-mm (5-in.)-diam break,
pressure waves eminating from the break site do lead to a very brief period of flashing in the
IFD; however, using the choking model does not impact the calculated safety margins.

J

HOT-LEG PIPE BREAKS
Figure 6 shows that the maximum survivable break based on an FE limit is a 127-mm (5-in.)
break since a 152-mm (6-in.) break results in violation of the FE limit. As with the PSVAW
breaks, during the first 0.1 s large oscillations in pressure at the core exit significantly reduce the
FE thermal limit while the fuel heat flux remains nearly constant. Again, the FE limit is violated
only for very brief periods.
The CHF ratios for the 254-mm (10-in.)-diam break in the hot-leg are shown in Fig. 7 for the
next-to-last and last (fuel exit) axial nodes in the hot stripe. The CHF limit is exceeded at the
fourth (next-to-last) axial node and film boiling is indicated. This exceedance is accompanied
by a temperature excursion in the fuel. RELAP5 predicts that a rewet would occur followed by
another violation of the CHF limit. This bumout/rewet cycle is repeated four times, with the
temperature increase at the fuel surface remaining less than 100 K on each cycle. Because the
adiabatic fuel heat-up rate is very rapid (7000 K/s), a small error in the time to rewet would
result in large errors in the maximum fuel temperature. Since the applicability of the rewet
correlation that RELAP5 is using has not been critically examined, the result for this 254-mm
break has a large uncertainty.
For a 279-mm (11-in.)-diam break, the rewet occurs twice, but the third time CHF is exceeded,
the fuel does not rewet, and clad melt is predicted.
For pipe breaks with a diameter at least as great as 178 mm (7 in.), significant void is generated
at the exit of the fuel channels (including the average channels). As soon as void generatinn
begins, the pressure stops falling any further, as shown for the 229-mm (9-in.)-diam break in Fig.
8. Because the decline in CHF is due to the falling pressure, once void is generated, the CHF
also stops falling.
The simulations discussed thus far did not utilize the RELAP5 critical (choked) flow model;
however, with the onset of two-phase flow at the core exit, choking is a possibility• For this
reason additional simulations were run for hot-leg breaks with the choking model enabled. As
shown in Fig. 9, using the choking model increases the maximum break size before the CHF
limit is exceeded to 229 mm (9 in.). Although the RELAP5 choking model has not been
validated for such a rapid transient, the occurrence of choking at the exit of the core can only
lead to higher pressures upstream of the choked junction (in the fuel channels). Hence, the result
with the choking model disabled is more conservative than with it enabled.
Long-term results are again essentially independent of break size. The minimum that occurs at
the end of the pump coastdown is not as severe as for the PSVAW breaks. Again, the transition
to natural circulation at 1800 s is achieved without exceeding the thermal limits.

VERIFICATION

OF LIMITING BREAK SIZE

The use of RELAP5 to simulate waterhammer phenomena is unusual, as the code was designed
for use in power reactors with cooling systems that are not single-phase liquid. Verification of

RELAP5's capability to simulate pressure-wave transients has been performed bv comparisons
with the method of characteristics. _ The effects of numerical dispersion and dissipation were
addressed.
The limiting break size to FE can be verified by a simple check using linear acoustic theory. 7
At an abrupt area change, the sound amplitude transmission coefficient is defined as
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where S_ is the cross-sectional pipe area before the area change occurs (from the perspective of
the acoustic wave), $2 is the cross-sectional area after the area change occurs, and 13= S_/$2.
Similarly, the sound amplitude reflection coefficient is defined as

$1-$2 _ 13-1
rR- $1+ S2
I +1 "

(2)

In Table 1 six area changes are considered that an acoustic wave would encounter moving from
the primary coolant pump outlet to the fuel channel (downstream direction). The volume
numbers can be found in the nodal diagram (Fig. 1).
Table 1. Area changes in the RELAP5 cold-leg model.
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Considering an instantaneous step change in the pressure of a volume in pipe 174 Oust upstream
of the PSVAW), the acoustic wave is first reflected off of the IFD. This reflection occurs in the
upstream direction, with a reflection coefficient identical to that in the first row in Table 1
(0.458). This reflection can then be traced to the fuel channel by multiplying the transmission
coefficients in the last four rows. Hence the ratio between the amplitude of the rarefaction that

reaches the fuel channel (by way of a reflection off of the IFD) and the initial rarefaction is rtr_
= (1.0 + 0.458)(0.589)(0.459)(1.15)(1.33)
= 0.603. Since the FE limit is exceeded in the 95%uncertainty hot channel if the core exit pressure falls by more than 1.4 MPa, the initial wave
caused by the instantaneous break in the cold-leg must have an amplitude of less than 2.32 MPa.
Table 2 gives the RELAP5-calculated initial amplitudes of the rarefaction waves. Hence, this
simple check confirms that a 102-ram (4-in.)-diam break at the PSVAW does not lead to
violation of the FE thermal limit, but a 127-turn (5-in.)-diam break does.

Table 2. Calculated rarefaction wave amplitude caused by instantaneous breaks.
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The transmission of the acoustic wave from the hot-leg break occurs in the upstream direction
and is harder to analyze due to the orifice plate that exists at the exit of the control rod region.
The plate represents a severe flow restriction that is represented in the RELAP5 model with a
hydraulic loss coefficient.
When a break occurs in a simple pipe with a single flow passage, the flow velocity down the
pipe is suddenly increased immediately upstream of the break in order to accommodate the break
flow. This velocity increase directly results in a local depressurization (rarefraction) of the fluid
that propagates at acoustic velocity in the upstream direction. Immediately downstream of the
break, a sudden decrease in flow velocity occurs, again resulting in a rarefraction wave that
propagates in the downstream direction. When the velocity adjustment, which propagates with
the rarefraction wave, passes a junction with a minor pressure loss (e.g., a flow restriction), the
magnitude of that minor pressure loss is suddenly changed based on the adjusted junction
velocity. The amplitude of the rarefraction wave passing through the junction is increased by
one-half of the change in the magnitude of the minor pressure loss after the passage of the
wave) or
rT=l

+ APo- AP_
2p_

(3)

where AP0is the pressure loss across the orifice plate before the wave passes, API is the pressure
loss after the wave passes, and Pi is the incident pressure wave amplitude. However, at the
location of the orifice plate, the flow path (in the upstream direction) branches into three separate
paths: the control rod central region (pipe 564 in Fig. 1), the upper-fuel bypass (pipe 525), and
the upper-fuel annulus (pipe 557). Since the loss only occurs at the exit of the control rod
region, the transmission factor could not be calculated directly, although it could be bounded.
The control rod region represents 46% of the total flow area including the fuel channels. If there
were no orifice plate and no loss, the transinission factor would be 1.0. If the loss were infinite,
then the flow area would be reduced by 46%, and using Eq. (1), the transmission coefficient is
2/(1 + 0.64) = 1.22.
As the wave travels through the hot-leg to the exit of the fuel region, the flow area is halved in
the direction _f wave propagation. From Eq. (1) the transmission coefficient at this junction is
1.33. Hence, the initial pressure wave amplitude associated with the limiting hot-leg break size
(for FE) lies within the range having a minimum (no orifice plate) of 1.4/1.33/1.0 = 1.05 MPa
and a maximum (infinite loss coefficient) of 1.4/1.33/1.22 = 0.862 MPa.
From Table 2, a 127-mm (5-in.)-diam break in the hot-leg has an initial pressure wave amplitude
of 0.833 MPa, which is below the limiting range of 0.862 to 1.05 MPa and, therefore, should not
lead to violation of the FE limit. This gives conf'trrnation of the RELAP5 result. Table 2 also
shows that for a 152-ram (6-in.)-diam break the initial pressure wave amplitude of 1.01 MPa is
just inside the limiting range, so that whether this break can be survived is not known based on
this simple reasoning. However, the RELAP5 result that breaks with a diameter larger than 152
mm (6 in.) will lead to violation of the FE limit is confirmed.

CONCLUSIONS
The limiting diameters for instantaneous pipe breaks at the core inlet and core exit of the
Advanced Neutron Source Reactor primary coolant system (Updated Conceptual Design) have
been determined using RELAP5 based on two criteria: flow excursion and critical heat flux. The
flow excursion limit has proven to be more conservative. The limiting phenomenon, which
occurs during the first 0.1 s following the break, is the propagation of an acoustic expansion
wave from the break site to the fuel channel exit. The transmission of this expansion wave
through various area changes has been verified independently for both break locations.
For an instantaneous break in a cold-leg near the PSVAW, any break with a diameter larger than
or equal to 127 mm (5 in.) will lead to a violation of the Costa FE heat flux limit at the 95%uncertainty hot stripe. Any break with a diameter larger than or equal to 152 mm (6 in.) will
lead to a violation of the Gambill-Weatherhead CHF limit.
Similarly, at a location just downstream of the core in the hot-leg piping, any break with a
diameter larger than or equal to 152 mm (6 in.) will lead to a violation of the Costa FE heat flux
limit and a break with a diameter larger than or equal to 254 mm (10 in.) will lead to a violation
of the Gambill-Weatherhead CHF limit.

Although the applicability of the choking model in RELAP5 to the situation of sudden flashing
due to the brief passing of an expansion wave is questionable, the results with the choking model
enabled are reasonable. Hot-leg pipe break results with the choking model enabled are less
conservative because choking downstream of the core leads to a sudden deceleration of the flow
and, therefore, a repressurization of the fuel channels.
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Fig. 2. Flow excursion thermal limit ratios for breaks near the PSVAW,
upstream of the fuel channels.
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Fig. 3. Core exit pressures for breaks near the PSVAW, upstream of the
fuel channels.
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Fig. 4. Critical heat flux thermal limit ratios for breaks near the PSVAW,
upstream of the fuel channels.
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Fig. 5. Important mass flow rates for breaks near the PSVAW, upstream of
the fuel channels.
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Fig. 6. Flow excursion thermal limit ratios for breaks in the hot leg,
downstream of the fuel channels•
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Fig. 7. Critical heat flux thermal limit ratio for a 254-mm-diam break in the
hot leg, downstream of the fuel channels.
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Fig. 8. Core exit pressure and void generation for a 229-mm-diam break in
the hot leg, downstream of the fuel channels.
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