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Executive Summary

Flow stratification is known to occur in various reactor components during ncrmal and
off~normal operating conditions of both PWR and BWR. Large temperature difference is
normally associated with flow stratification. Thus, when flow stratification occurs in a
reactor comzonent, it will be subject to an additional thermal stress resulting from the
local temperature difference. A number of nuclear power plants have reported failure of
reactor components due to flow stratification. Flow stratification not only can cause reactor
shut down due to unisolable leak resulting from fallure of reactor component, but also has
significant implications to rea tor safety and can alter both the sequence and consequence
of a reactor accident. Therefore, it is imperative to understand the causes of flow stratifico-
tien and more importantly, we shoula e able to predict when and where flow stratification
will occur and its magnitude of temperature difference associated with the flow stratifi-
cation. The work presented here represents the first step in this direction and will

contribute to the resolutior of the issue of flow stratification,

An analysis is performed using the COMMIX-1C computer program for the surge line of
COMANCHE PEAK reactor. The COMMIX-1C computer code is developed and sponsored
by the Office of Nuclear Regulatory Research, United States Nuclear Regulatory Commission
and Is a three-dimensional transient single-phase computer program for tiermal hydraulic
analysis of single- and multicomponent engineering systems. It solves conservation of
mass, momentum, and energy equations as a boundary value problem in space and an initial
value problem in time domain and has been applied to flow stratification and natural
circulation during postulated reactor accidents. The major objective of this work is to
demonstrate that the COMMIX code s ~apable of predicting flow stratification. The numer-
ical results obtained f.om the COMMIX code for the surge line of the OMANCHE PEAK
reactor presented here have been compared with the measurements provided by the

Westinghouse Electric Corporation and the agreement is good.

1 Introduction

Flow stratification results from density difference of two streams of a Nuid or different

flulds flowing at relatively low velocities with very little mixing. The density difference is



altributed either to temperature difference of two streams of a given Nuid or duferent fluids
with different intrinsic density. The scope of this study is limited to flow stratification
resulting from temperature dilference of two streams of a given fluld. These two streams
ure flowing at 'ow velocity with very little turbulent mixing between them. The lighter, hot
Nuid stays above, and the heavier, cold fluid stays below in a flow domain,

A number of nuclear power plants have reported fallure of reactor components due (o
Mow stratification.i The most common occurrensas of flow stratification in reactor
components during normal (including transients) and off-normal operating conditions are
surge line, hot leg. RHR line, feed water line, steam generator feed water ring, etc. Flow
siratification not only can cause reactor shut down due to unisolable leaks resulting from
failure of reactor components, but also has serious implications of reactor safety. It has
been shown? that Now stratification can occur in a hot leg and most likely in a surge line'
during postulated TLMB' accident (station blackout). One of the possibilties of failure of
the pressure boundary due to flow stratificatior. prior to breach of the reactor vessel by
molten core and should this failure occcur early enough, the reactor system may
depressurize sufficiently to avoid direct containment heatiny when the core debris s
ejected following vessel fallure. Thus, flow stratification can alter both sequence and
consequence of a severe accident. Therefore, fundamental understanding of flow
stratification is essentia! tv aveld possible reactor shut down or leading to an undesirable
reaclor accident, The present work represents first step in that direction and will provide
o reliable predictive capability of flow stratification In terms of wnen, where, and the
magnitude of temperature difference. 1t is to be noted that flow stratification was not
accounted for in the original design of ali light water reactors (LWR) and it certainly has
significant impact on life extension of all existing LWRs,

2 Objectives
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The objectives of this study are:

" In this particular analysis. surge line was not explicitly included.
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I. To demonstrate the capabllity of the COMMIX computer code capable of

predicting Now stratification In various reactor components

< To present results obtained from the COMMIX code for the surge line of
COMANCHE PEAK reactor and to compare with the plant measured data

3. A Brief Description of the COMMIX Code

The COMMIX code®45 s a generalized computer code for heat transfer and fluld flow
analysis. Its capabilities include steady-state/transient, three-dimensional, and single-
phase analysis of nuclear reactor systems under normal and off-normal operating
conditions. Recently, the COMMIX code has been and continues to be ex'ended and

modilied to multiphase applications of various engineering sys'ems

COMMIX 1s & well-refined and ~tested code. Already, a large number of computations
have been performed for complex situations, and maay organizations, both here in the U8
and abroad. are using the code to simulate industrial problems. The structure of the code is
modular. Its many unique features are described in the following.

1.1. Background

The development of COMMIX began In the summer of 1976. The ir/ .al version,
COMMIX-1.9 was documented and made available to the public (through the U.§. Nuclear
Regulatory Commission) in January 1978, The advanced version, COMMIX-1A.4 with more
capabilities and flexibilities, was released in 1983, Developmental work continued to add
improved models and to expand applications to non-nuclear systems. The exiended
version, COMMIX-1B, was released in December 1985 The latest versio.i s COMMIX-1C.5
which was released very recently (September 1990). Many additional Improvements have
been incorporated “.iio COMMIX-1C over COMMIX-1B,
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3.2 Equations Solved

Three-dimensional, time-dependent conservation equations of mass, momentum, and
energy and transport equations of turbulence parameters, along with the equation of state.

are solved as a boundary value problem n space and an initial value problem in time.
The solution provides three-dimensional detailed descriptions of
¢ velocity,
¢ lemperature, and

' pressure,

along with ancillary information such as heat transfer and resistance correlations. For easy
interpretation, the numerical results can be transformed Into graphic forms (4., vector
plots, isotherm plots, and video or film showing fluid motion).

3.3 Unique Features

Wmmwwm

COMMIX employs a new porous-medium formulation® based on local volume-averaging.
This formulation uses four parameters—volume porosity, directional surface porosity,
distributed resistance, and distributed heat source (sink)—to mode! the “fTects of internal
solid structures. In the conventional porous-medium formulation, cnly three parameters—
volume porosity. distributed resistance. and distributed heat source—are used. The
addition of a fourth parameter, directional surface porosity, Is a new concept that greatly

lacilitates modeling of velocity and temperature fields (n anisotropic media and. in general.
improves resolution and accuracy.

Lwe Solution Algorithms

COMMIX has two solution algorithms for single phase systems that are provided as
user's options:






3.4 Other Features

Other features of COMMIX are described below

¢ For single-phase applications, the following two turbulence model options are
provided:
~Constant turbulent difusivity model.
~Two-equation (k-¢) mode! where k is the turbulent kinetic energy and ¢ is the

dissipation rate of k..

« A flow modulated skew-upwind difference scheme® has been developed and
implemented to “educe numerical diffusion, specifically for the case of flow inclined
to grid lines

o The final form of all of the sets of discretization equations is

L
&o,-3 a'o,~b, =0,
where ¢ is a dependent variable and the subscript | stands for neighboring points
This general form of the discretization equation lends itsell to various solution

schemes, ¢ g. SOR, Preconditioned Conjugate Gradient Method, and direct mairix

inversion

+ The solution has a decoupled-transient-simulation option that permits solution of

~mass=momenium equations only, or
~energy equation only, or
-coupled mass-momentwit, and energy equations,

at any given time step.
¢ The code has an option that allows use of either Cartesian or cylindrical coordinates.

¢+ COMMIX has bullt<in properties for liquid sodium and water, with an option

permitting use of simplified property correlations for any fNuid.
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¢ The code also contains;

-A generalized resistance model to permit speciflication of resistance due to internal

structures (fuel rods, wire wrap. balfles. grid spacers, eic ).

~A generalized thermal structure formulation to model thermal interaction between

structures (fuel rods, wire wraps, duct wall, baffles, etc.) and surrounding Nuid.
¢+ Heat source/sink and boundary conditions can be functions of time.

¢ The COMMIX code Is structured tc permit solution of one-, two-, or three-

dimensional calculations.

4 _Flow Stratification In a Surge Line

A detalled three-dimensional and time-dependent analysis Is performed using the
COMMIX~IC code for the surge line of the COMANCHE PEAK reactor. Temperature
distributions of both fluid and surge line wall are calculated. First. the surge line layout of
the COMANCHE PEAK reactor will be described, the experimental measurements provided
by Westinghouse!! s presented, the numerical model used in the COMMIX calculation is
outiined, both initial and boundary conditions based on the limited measurements used in
the COMMIX code are followed. Finally, the detailed velocity profiles and temperature
distributions of the surge line obtatned from the COMMIX code are presented and
compared with the experimental measurements.

4.1 Surge Line Layout of COMANCHE PEAK Reactor

Figure 1 presents the layout of the surge line of the COMANCHE PEAK reactor. All pipe
dimensions and pipe outside and inside diameters are shown in Fig. 1. The temperature
monitoring locutions, namely T1, T2, T3, and T4 are also shown in Fig. 1. These
temperature monitors record the outside pipe wall temperature at various circumferential

locations.



4.2 Experimental Measurements

Figures 2-5 are temperature measurements as a function of time of T1. T2, T2, and T4
respectively, at the various circumferential locations. Temperatures as a function of time of
the four hot iegs are shown in Fig 6. the hot leg marked 4 (n Fig. 6 1s the hot leg with the
pressurizer. The water level of the pressurizer as a function of time is marked 7 in Fig. 7.
Figure 7a is the enlarged view of a portion of Fig. 7. The relationship between the water
level height of the pressurizer versus volume is presented in Table 1.

4.3 Numerical Simulation Model Used in the COMMIX Code

The numerical model simulates the surge line of the COMANCHE PEAK reactor are
shown in Figs. 8-10. The computational mesh set up along the pipe line is shown in Fig 8
Figure 9 presents the typical cross section of the surge line and the typical elbow (s
modeled as shown in Fig. 10. In order to avoid modeling complications, the pipe marked
Liin Fig. 1 is modeled as a vertical run as shown In Fig. 8 Thus simplification will not
affect the results and will be discussed In Sec. 5.

The hea' capacity effect of the surge line is explicitly accounted for in the numerical
calculation. The wall thickness Is equally divided into two computational grids in the

aumerical model and the thermal physical properties of pipe wall used in the COMMIX
calculations are as follows:

p (density) = 7977 - 0.4167 T (kg/m3)

k (thermal conductivity) = 14.16 + 0.013]1 T (W/m-2C)
Cp (specific heat) » 508.67 WJ/kg-°C), and

T (temperature) in °C.

4.4 |Initial and Boundary Cenditions

A close examination of the experimental measurements as shown in Figs. 2-5 reveals
that flow stratification with large temperature difference took place approximately from 17
1/2 hours to 21 1/2 hours in the transient. One of the objectives of this work is (o
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demonstrate the capability of the COMMIX code to analyze flov stratification. Consideration
I$ also given to save computer running time. It is thus decided to start our calculation at 17
hr. 31 min, and 10 sec tn the transient. Since we do not start our calculation at the very
beginning of the transient, the initial condition corresponding to the beginning of our
caleulation must be constructed. Also the boundary conditions as a function of time at the
inlet of the surge line (from the hot leg to surge line) must be provided. Both initial and
boundary conditions used tn the COMMIX calculation wili be described below,

4.4.1 Initial Conditions

¢ Velocity distribution based on isothermal steady-state solution with inlet velocity of
0.002 m/s at the Inlet of the surge line (from hot leg to surge line).

¢ The outside pipe wall temperature distribution of all horizontal pipes (L2 and L3)
based on T2 and T3 readings and linearly interpreted and extrapolated both axially
(along i« pipe length) and circumferentially. The outside pipe wall temperatures
in L1 and L4 arc assumed to be uniformly distributed according to Tl and T4
readings respectively. All fluid temperature next to the pipe wall of L2 and L3 are
assumed to be the same and they are stratified. Temperatures in L1 and L4 are
assumed to be uniform at 152.6°F (see Fig. 6) and 440F (same as surge line wall
temperature, Fig. 8), respectively. It is to be nuted that the assumption of uniform
fluid temperature tn L1 and L4 is reasonable since both T1 and T4 readings after we
started the calculation appear to support the assumption.

4.4.2 Boundary Conditions

* At the inlet of surge line (from hot leg to surge line)

~Inlet velocity based on the water level of pressurizer (Fig.7) as shown in Fig. 11.
Figure 11 is obtained in the following manner.

Since water {8 an incompressible fluid. its level change in the pressurizer is

directly related to the water flow rate from the surge line to the pressurizer,
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which in tum, related to the flow rate from the hot leg to the surge line.
Therefore, the instantaneous mean inlet water velocity vin is evaluated from

v-w

" Adt

where H is the water level in the pressurizer (in %) as shown In Fig. 7, Q Is the
volume of the water in gallons in each percent change of the pressurizer level as
shown (n Table 1. A is the cross sectional area of the surge line pipe, and t is the
time. It s seen from the above equation that the inlet velocity s proportional teo
the slope of the water level change in the pressurizer as a function of time. When
the experimental data of Fig. 7 for the water level (in %) was enlarged by many
times (see Fig. 7al. it can be seen that the slope becomes positive from about 17 hr
31 min. and it increases to a maximum after about 17 hr 36 min. Then the slope
decreases and comes back to another maximum, after which it gradually declines
and eventually the slope reaches to very small value. The inlet velocity follows the
same pattern as shown in Fig. 11.

~Inlet temperature based on the outside pipe wall temperature reading of the hot
leg (nearby the surge line) with pressurizer (Fig. 6) as shown in Fig. 12,

* At the outlet of surge line (from surge line to pressurizer):

. L Gy

»
g x T
|
|

4.5 COMMIX Results

A number of assumptions have been used In the calculation and these assumptions are
listed below:

1. No heat loss through the pipe wall of the surge line.
2. No pitch (slope) for horizontal pipe.

3. Calculation started at 17 hr 31 min 10 sec {n the transient.
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4. Using “best estimate” initial and boundary conditions based on very limited
experimental measuremeni. It Is to be noted that these measurements are in graphic

piot (see Figs. 2-7), but not in dignal form.
5  Approximating L1 pipe as a vertical run.
6 Pipe wall conduction limited to one dimension (radial direction only),

The typical velocity profiles and temperature distributions at ten minutes after started
Calculation will be presented. Both velocity profiles and temperature distributions at the
centerline of the surge line in the vertical planes of L2 and L3 are shown In Figs. 13-20 and
Figs 21-28 respectively. The temperature profiles of the surge line cross sections at the
locations of T1, T2, T3, and T4 are presented in Figs. 20-32 respectively. and both inside
and outside temperatures of the surge line wall corresponding to the measured locations

are also shown (n these figures.

4.6 Comparison of COMMIX Results with Measurements

A comparison of the outside surge line wall temperatures calculated by the COMMIX
code with the measured data provided by the Westinghouse £lectric Corp. !l namely T1, T2.
T3, and T4, are shown In Figs. 29-32 respectively. The agreement between the calculated
results and the experimental measurements are in reasonable agreement.

5_Discussions and Conclusions

In spite of large uncertainties in constructing the “best estimate® initial and boundary
conditions based v.. “!mited available measurements, it is gratifying that the agreement
between the calculated results obtained from the COMMIX code and the experimental data
Is reasonably good. In our opinion, the agreement can further be improved if both initial
and boundary conditions can be more accurately quantified.

The wall temperatures of surge line were calculated by one dimensional (radial
direction only) approximation. The calculated results can be improved ([ the additional

conductions . um both circumferential and axial directions are Incorporated into the
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COMMIX code. We recommend that this additional capability should be implemented Into
the COMMIX code.

Based on T1 and T4 readings. it appears that there is no fNow stratification in both
inclined pipe L1 and vertical run L4 after a very short period of time starteq the calculation
as shown In Figs. 2 and 5 respectively. Thus, it seems justifiable to mad.l inclined pipe L1

as o vertical run.

As stated before, the major thrust of this work is to de.nonstrate the capability of the
COMMIX code which can be used to predict when, where, and magnitude of local tempera-
ture dilference in a flow stratified pipe. Based on the comparison between the calculated
results from COMMIX code and the experimental measurements as shown in Figs 33-36 1t
seems reasonable to conclude that the COMMIX code has demonstrated its capability for
predicting the flow stratification tn the surge line. While the COMMIX code has
demonstrated its capability to perform flow stratification analysis, it is desirable to have
more assessments and validations. In particular, the validation must be carried out to
compare the COMMIX results with the well instrumented experiments which are nol
limited to the temperature measurements, but also include the velocity data.

Based on the calculated velocity profiles and temperature distributions as shown in
Figs. 13-20 and Figs. 21-28 respectively ten minutes after start of the calculation, the
following important observations may be summarized below.

I, The location of maximum flow stratification or maximum local temperature cifference
between the top and bottom of the surge line is located at L2 right aflter the Now
passing through the elbow from L1. This location is different from either T1, T2 T3,
and T4 locations. From the instrumentation point of view, it 1s very desirable to have
measurements located at or nearby the maximum flow stratification.

2. The calculated velocity profiles after ten minutes during the transient calculation are
similar to those shown (n Figs. 13-20. The calculated velocity profile in the surge line
is very complicated. In a large portion of horizontal pipes L2 and L3, the fluid In both
top and bottom of these pipes is flowing in the same direction and (n the middle
portion the fluid Nlows in the opposite direction. It is our belief that the flony pattern is
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highly sensitive to geometrical arrangement of a surge line as well as operating
conditions. Thus. it is very difficult to make a pre-generalization of fow pattern as well

as temperature distribution in a stratified pipe.

4 It Is interesting to observe that the calculated temperature at the top of the surge line
(zero degree) is slightly higher than the temperature at 60° as shown in Fig. 35 at
approximately ten minules in the transient. This is due to the local velocity at the zero
degree is higher than the 60° location. thus the corresponding heat transfer coellicient
is higher. As we have mentioned before, the pipe wall conduction model used in the
COMMIX code Is limited to one dimension (radial direction only In this case) the
spread of the calculated temperatures between 0° and 90° location of T3 could be
larger il the circumferential conduction of the pipe wall 18 included. Furthe/more, the
validity of the assumption of no heat loss through the surge line wall needs to be

examined for future calculations

Finally, it is to be noted that the COMMIX code 1s a general purpose, multidimensional
computer program which is not limited to the flow stratification in a surge line. In fact, the
COMMIX code can be applied to fNlow stratification problems occurring in any reactor
component such as high pressure injection system, steam generator feedwater ring, etc.
under various reactor operating conditions. It has also been used extensively for natural
circulation analysis under severe accident conditions. Recently, the NRR/USNRC
expressed some concern regarding the thermal stripping problem. It is our belief that.
with some modification of the COMMIX code, we will be in a position to tackle the thermal
siripping problemn as well.
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