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THE APPLICATION OF RELAP5 TO A PIPE SLOWDOWN EXPERIMENT

K. E. Car lson, V. H. Ransom,
R. 0. Wagnera

ABSTRACT

The application of the RELAP5 computer program to a pipe blowdown
experiment is described in this paper. The basic hydrodynamic model,
constitutive relations, and special process models included in RELAP5 are
also briefly discussed. The results of this application confirm the
effectiveness of using a choked flow model.

I. INTRODUCTION

This paper describes the RELAP5b system code as applied to a
depressurization and blowdown experiment and is accompanied by brief
descriptions of the pertinent code features. RELAP5 calculated data are
compared to experimental data from experiment. RELAP5 is an advanced,
fast running system analysis code which has been developed at the Idaho
National Engineering Laboratory for the US Nuclear Regulatory Commission -
Reactor Safety Research. Division. It is a new code based on a nonhomo-
geneous and nonequilibrium two-fluid model for two-phase flow and includes
special process models to simulate transients in piping networks.

The blowdown experiment which was simulated was one performed origi-
nally by Edwards.1 The apparatus consisted of a straight pipe four
meters long and initially filled with water. The pipe was pressurized and
heated, then allowed to depressurize by rupturing a glass disk at one
end. The_flow process in the pipe and at the discharge provides a good
test for a "transient two-phase flow model. Early in the development of
RELAP5, this experiment was used to check out the hydrodynamic model since
the geometry is simple and Edwards data is well documented. A need to
more accurately specify the discharge boundary condition was recognized
during early simulation attempts. Consequently, a critical flow model was
developed and installed into RELAP5. In the continuing development of the
code, the Edwards pipe blowdown problem is used as a base case, that is,
all modifications to RELAP5 are tested with respect to the ability to
successfully simulate the Edwards data.

a. EG&G Idaho, Inc., Idaho National Engineering Laboratory, Idaho Falls,
Idaho 83415. V. H. Ransom and R. J. Waqner are members of the
American Nuclear Society.

b. The RELAP5 computer code and its documentation, "RELAPS/MOO'O"1, Code
Description Vol. I, II and III by V. H. Ransom, et a!., are available
from the National Energy Software Center, Bldg. 208 - Room C-230
9700 So. Cass Avenue, Argonne, Illinois.



The scope of this pape** is expository and does not include detailed
development of the hydrodynamic models. The discussion covers the hydro-
dynamic model, special process models, the RELAP5 model for the experi-
ment, and results of this application.

II. HYDRODYNAMIC MODEL

The hydrodynamic model developed for the RELAP5 codea includes the
physics of the two-phase flow process but incorporates simplifying assump-
tions consistent with the end use of the model, that is, light water
reactor transient analysis including loss-of-coolant-accident, (LOCA).
The principal simplification is the specification that one of the phases
be at saturation. It is sufficient to specify that the least massive
phase be at saturation, that is, the phase which is either appearing or
disappearing at a transition from or to a single phase. This specifi-
cation greatly reduces the amount of constitutive information which must
be provided relative to interphase and overall energy transfer. In this
way, all interphase energy transfer mechanisms are implicitly included in
the vapor generation model. In addition, only a single overall energy
equation is required.

1. FIELD EQUATIONS

The basic field equations for the two fluid nonequilibrium model con-
sist of the phasic continuity equations (two), the phasic momentum equa-
tions (two) and the mixture total energy equation (one), for a total of
five equations. The dependent variables advanced in time are pressure,
static quality, internal energy, and the phasic velocities. The develop-
ment of such equations for the two phase process has been recorded in
several References'-^ and wii"| n ot be reported herein.

STATE RELATIONS

Pressure, static quality, and internal energy are taken as the
independent state variables. The state of the system is established by
these variables and the assumption that the least massive phase exists at
the prevailing saturation condition. All other thermodynamic properties
are expressed in terms of these variables.

3. CONSTITUTIVE RELATIONS

One of the primary features of the RELAP5 hydrodynamic model is that
only two interphase constitutive relations are required, that is,

a. Ibid.



interphase mass transfer and interphase drag. The specification that one
phase exists at local saturation conditions replaces the need for parti-
tioning functions between the phases. This also allows the development of
RELAp5 constitutive models to draw heavily on existing information. As an
example, the only heat transfer correlation required by the RELAP5 model
is the overall wall to fluid correlation which has been the subject of
numerous experimental investigations. Standard heat transfer correlations
which have been developed from the experimental data base can be used in
RELAP5, and the RELAP4/M0D6 heat transfer correlations are used directly.a
Only one additional constitutive relation is required for RELAP5 and that
is the wall friction. Here again existing two-phase multiplier correla-
tions have been adapted for this purpose.

3.1 Vapor Generation Model

The nonequilibrium character of a two-phase flow model is governed by
the vapor generation rate. The vapor generation rate is the result of
several mechanisms such as interphase energy transfer rate, the energy
partitioning between phase change and sensible heat, interphase surface
area, nucleation site density, and turbulance level. In the RELA.P5 hydro-
dynamic model all of these separate but interacting mechanisms are modeled
by a single dimensionless correlation0 for the vapor generation rate.
This simplification is a direct result of fixing the least massive phase
at saturation conditions. This assumption has been demonstrated to be
valid by comparison of calculated results with experimental data for
widely varying conditions.

The vapor generation model is a relaxation model based on the differ-
ence between static quality and equilibrium quality. The relaxation
coefficient includes flow rate and property dependence and separate
functions are used for condensation and vaporization. The RELAP5 model
was developed from considerations of a mechanistic model by Jones and
Saha^ based on interphase energy exchange, an empirical dimensional
correlation established by Hcudayer et al.,5 from the Moby Dick data,
and a dimensional analysis to establish the dimensionless groups upon
which the vapor generation rate depends.

The vapor generation term is zero for single phase fluid since the
static quality and the equilibrium quality are the same. Vapor generation
occurs when the difference between static quality and equilibrium quality
is nonzero and nucleation criteria are satisfied. Vaporization begins
when the difference in phasic temperatures reaches a nucleation criterion.
For condensation, no temperature criterion is imposed. Once the criterion
is met, the vapor generation rate is given by the relaxation model and the
criterion is not reimposed unless the fluid again becomes single phase.
The vaporization delay due to the temperature criterion is used to model
the delayed nucleation observed in depressurization experiments.

a. RELAP4/M0D6, Update 4, Idaho National Engineering Laboratory Configur-
ation Control Number C0010006. This code is available from the
National Energy Software Center, Building 208, Room C-230, 9700 So.
Cass Ave., Argonne, Illinois 60439.

b. See Footnote on page 1.



3.2 Interphase Drag

Interphase drag consists of two parts: dynamic drag due to relative
phase acceleration and steady drag arising from viscous shear between
phases. Dynamic drag primarily affects the acoustic propagation velocity.
It is calculated based on the virtual mass of a spherical bubble (or drop)
in a mixture of vapor bubbles (or liquid drops) and liquid (or vapor).6
Steady drag governs the relative phase motion and flow regime. The sim-
plified Bennett flow regime map? for vertical flow is used to establish
the flow regime and constitutive relations for steady drag are formulated
for bubbly, dispersed, and annular flows. Drag in transition regimes is
calculated by linear interpolation on the reciprocal values for the inter-
phase drag coefficient defined at the boundaries of the adjoining regimes.
This reciprocal interpolation gives a continuous variation in the calcu-
lated relative velocity.

4. NUMERICAL SOLUTION

The numerical solution scheme is based on replacing the system of
differential equations with a system of finite difference equations which
are partially implicit in time. The implicit terms are formulated so as
to be linear in the dependent variables. This results in a linear time
advancement matrix which is solved by direct inversion, although an
iterative scheme could be used. An additional feature of the scheme is
that the implicitness has been selected such that the five field equations
can be reduced to a single difference equation per fluid control volume in
terms of the hydrodynamic pressure. Thus, only a NxN system of difference
equations must be solved simultaneously at each time step (N is the total
number of control volumes used to simulate the fluid system).

III. SPECIAL PROCESS MODELS

Special process models are used in RELAP5 to model those processes
which have small relaxation times or are so complex in nature that they
must be modeled by quasi-steady empirical models. Break flow, interne''
choking, abrupt area change, and branching are examples of processes
having short relaxation times compared to component transport times. The
hydrodynamic performance of pumps and valves are examples of processes
which are too complex to be modeled from first principles and empirical
correlations are used.

1. BREAK FLOW AND CHOKING

The break flow model included in RELAP5 is used for calculation of
the mass flow from the system at points of discharge such as a pipe exit
or a nozzle. Generally the flow at such exits is choked until the system
pressure nears the ambient pressure.



Choking is defined as the condition wherein the mass flow rate
becomes independent of the downstream conditions, that is, that point at
which further reduction in the downstream pressure does not result in
change to the mass flow rate. The fundamental reason that choking rcc,prs
is that acoustic signals can no longer propagate upstream. The model is
based on characteristic theory in which a criterion is developed for the
conditions under which propagation of acoustic signals upstream just
ceases. This theory applies to all two-phase conditions. Additional
theoretical and empirical considerations have been employed to extend the
break flow model to conditions of subcode:! liquid flow.

The use of a quasi-steady model for break flow results in consider-
able savings in computer time since it is not necessary to use fine
nodalization at such points. This results in a direct savings since fewer
fluid volumes are required and an indirect savings due to the ability to
use larger time steps. Another decisive advantage for the use of the
choking model results when choking at points of abrupt area change occur,
such as at double-ended pipe breaks or at a sudden contraction due to an
orifice. Due to the discontinuous variation of flow area with length, it
is not possible to construct one-dimensional physic*,ny meaningful grids
at such points which can be used to obtain "self-choking" results.

For such situations the choked flow model is an efficient and
physically realistic solution. In addition, the choked flow model is used
to detect choking at all internal parts of the system, again without fine
nodalization.

RELAP5 normally uses the two fluid momentum equations to compute the
fluid velocities until explicit predictions for ihese velocities exceed
the choked flow criterion. *\t this time, velocity boundary conditions are
imposed where the specified velocities are obtained from the choked flow
model. These boundary conditions remain in effect until the fluid velo-
city, as predicted by the explicit momentum equations, is less than for
choked flow.

2. ABRUPT AREA CHANGE

The abrupt area change model is based on the Bourda-Carnot^ formu-
lation for a sudden enlargement combined with standard pipe flow relations
for the vena-contracta effect at a sudden contraction, orifice, or both.
Quasi-steady continuity and momentum balances are employed at points of
abrupt area change. The numerical implementation of these balances is
such that the hydrodynamic losses are independent of the upstream and the
downstream nodalization. In effect, the quasi-steady balances are
employed as jump conditions which couple fluid components having abrupt
change in cross sectional area. This coupling process is achieved without
change to the basic linear semi-implicit numerical time advancement scheme.
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IV. EDWARDS1 PIPE BLOWDOWN EXPERIMENT

Edwards^ performed transient blowdown experiments using a 73 mm
diameter pipe which was 4.09 m in. length. The pipe war. filled with
water, heated, and pressurized. A glass disk at one end was ruptured to
initiate the blowdown. Only pressures and one void fraction were obtained
experimentally so that the effect of the various models has to be deduced
from a comparison of these data.

The initial fluid conditions which were used to simulate the experi-
ment are as follows:

Pipe Length = 4.09 m,
Pipe Area = 1.0956 x 10-4 m2
Exit Area = 0.95317 x 10-4 m2 (13% reduction due to

fragments of the rupture disk remaining in
the pipe),

Initial Temperature = 502 K uniform,
Pressure = 7000 KPa.

The nodalization diu_"am, shown in Figure 1, represents the basic
RELAP5 model of the experiment using 20 volumes to simulate the pipe and
an orifice at the exit to simulate the 13% area redaction. The components
used to simulate the pipe and the atmosphere are a pipe, a single junction
for the outlet, and a time-dependent volume for the atmosphere. Heat
structures were used to represent the pipe wall thermal effects as an
illustration of the use of a heat structure. The wall friction model was
applied to the pipe component. The choking model was applied to all
junctions. (A junction is the connection between two adjacent volumes.)

In addition to the basic experiment simulation, several calculations
were made in which the effect of spatial nodalization and boundary condi-
tions were explored. The blowdown was simulated using both 10 and 40
volume models, in addition to the basic 20 node model to establish the
degree of convergence. The blowdown was also simulated by specifying the
exit pressure at the ambient value so that the code was allowed to self
choke rather than use the RELAP5 choked flow model.

V. COMPARISON OF CALCULATED RESULTS TO DATA

The pipe blowdown calculated results are presented in three parts.
The first part consists of the short-term results (0 to 20 ms) and the
second part, the long-term results (0 to 500 ms). The third part shows
the effects of differing modeling approaches. At 500 ms, the pipe
interior is approximately at ambient pressure.

1. SHORT-TERM RESULTS

The short-term RELAP5 calcuated pressure histories are compared to
Edwards' data, obtained from Reference 9 on Figures 2 and 3 for gauge
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Stations 1 and 7. The results are in good agreement with the data. The
calculated results show the large pressure undershoot measured at gauge
Station 7, and some small undershoots at the other gauge stations. These
undershoots are a result of delayed nucleation and germination character-
istics of the vapor generation model. Another interesting observation is
that the calculated depressurization wave leads the data by about. 0.5 ms
at all gauge stations. The constant difference at all stations indicates
that the depressurization wave propagation velocity is correct, but that
the effective time of break initiation may be slightly different than
reported.

2- LONG-TERM RESULTS

The long-term results (0 to 500 ms) are shown plotted on Figures 4
through 6 as pressure histories at gauge Stations 1, 5, and 7 respec-
tively. The calculated pressures are in good agreement with the data.

The measured and calculated void fractions at gauge Station 5 are shown
in Figure 7. The long-term calculated void fraction agrees with the data,
but at earlier times (up to 0.25 s), the calculated void fraction deviates
from the data and is similar to the results obtained in other analytical
investigations (References 10, 11 and 12). The nonuniform initial test
energy as reported in Reference 10 may be responsible for the early time
void fraction variation at gauge Station 5. Void fraction profiles at
other stations along the pipe did exhibit an early time variation similar
to f.he data at gauge Station 5.

3. SENSITIVITY STUDIES

Figure 8 shows the calculated results plotted with the data and the
critical flow model where only a pressure boundary condition was used, that
is, no choking model was used. Note, the calculated pressure drops off
rapidly and underpredicts the pressure history throughout the transient.

All results presented so far have been made with wall friction and
wall heat transfer. Calculations were also made without wall heat trans-
fer and wall friction. The results showed these have little influence on
the transient. The other calculations made using the 10 and 40 control
volume models are shown in Figure 9 compared to 20 volume model and the
data. These calculations were also made without wall friction and heat
transfer. The calculation with 10 control volumes showed a 10% deviation
with the results of the standard 20 node model, while the 40 control
volume calculation showed less than 1% deviation from the standard model.

4. CONCLUSIONS

The previous discussions have presented an overview of RELAP5, its
hydrodynamic models, special process models, and its application to the
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Edwards pipe blowdcwn experiment. The plotted results from the Edwards
experiment show the effects of differing techniques for modeling this
transient, the most successful being the model using choked flow boundary
conditions-

While wall friction can be important in piping networks and for
steady flow, it has only a small effect in the Edwards transient blowdown
experiment, supporting the conclusions reported i Reference 1 that wall
friction is not important. Also, wall heat transfer was also found to be
unimportant in the Edwards1 pipe problem.
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