
COHF-840 816—7

CALCULATION OF SAMPLE PROBLEMS RELATED TO ° E 8 4 0 0 6 7 3 9

TWO-PHASE FLOW BLOWDOWN TRANSIENTS IN

PRESSURE RELIEF PIPING OF A PWR PRESSURIZER*

by

Y. W. Shin
Mechanical Engineer

Components Technology Division
Argonne National Laboratory
Argonne, Illinois 60439

and

A. H. Wiedermann
Science Advisior

ATResearch Associates, Inc.
Glen Ellyn, Illinois 60137

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.

*Manuscript submitted to Dr. J. H. Kim, Electric Power Research Institute
for presentation at the 22nd ASME-AIChE National Heat Transfer Conference
Niagara Falls, New York, August 5-8, 1984.

STSSSTJOJ/ OF TffiS 30C8IVOT » iWiLJSTfi)



ABSTRACT

Earlier, we published a method, based on the integral method of

characteristics, by which the junction and boundary conditions needed in

computation of a flow in a piping network can be accurately formulated. The

method for the junction and boundary conditions formulation together with the

two-step Lax-Wendroff scheme are used in a computer program; the program in

turn, is used here in calculating sample problems related to the blowdown

transient of a two-phase flow in the piping network downstream of a PWR

pressurizer. Independent, nearly exact analytical solutions also are obtained

for the sample problems. Comparison of the results obtained by the hybrid

numerical technique with the analytical solutions showed generally good

agreement. The good numerical accuracy shown by the results of our scheme

suggest that the hybrid numerical technique is suitable for both benchmark and

design calculations of PWR pressurizer blowdown transients.
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NOMENCLATURE

c sonic speed

E total energy, defined by Eq. 4

g gravity

i internal energy

k ratio of specific heats

m mass flow rate

p pressure

Q heat addition per unit volume of fluid

s entropy

t time

At time step

T temperature

u fluid velocity

U shock-wave velocity

x space coordinate along the pipe length

Ax nodal spacing used in the finite-difference procedure

p density

8 inclination angle of pipe relative to gravity

x pipe wall friction

Subscripts

00 refers to the undisturbed state

1 shocked state in the steam region

2 shocked state in the nitrogen-gas region



INTRODUCTION

Calculation of transient two-phase flows in a piping network is an

important task in many industries, including the nuclear power industry. The

piping network commonly consists of long pipes for which one-dimensional

description generally is valid. For the past decade or two, rapid advances

have been made in fluid-dynamics computational methods; a stage has been

reached where the transient two-phase flows can be calculated satisfactorily

for most industrial applications. A number of computational methods are

available; any one may be suitable to calculate the flow field in any one

pipe. However, the junction and boundary conditions must also be properly

formulated for coupling the individual pipe flows of a piping network.

Successful calculation of network flow depends largely on the success of the

method of handling the junction and boundary conditions.

In contrast to the advancement of field-equations solution methods,

development of methods to treat the junction and boundary conditions has not

been successful and its importance often has not even been emphasized. In our

knowledge, there is no method available in the open literature that permits a

successful treatment under all conditions. Galluzzo [1] attempted use of the

method of characteristics in a finite-difference form to model the break-flow

boundary, but large inaccuracies occurred and, in some cases, numerical

instabilities in the computation of a transient two-phase flow. A finite-

difference form of governing equations applied to the boundary cell was used

by Lyczkowski et al. [2] in their blowdown calculations, but they, too, were

only partially successful. There were other similar unsuccessful attempts,

including our own unpublished work. We have found that difficulties result

from the large changes in flow properties near the junctions and boundaries

occurring In a two-phase flow and from the inability of the computational



methods to represent the steep gradients with sufficient accuracy.

Earlier, we published a method that allows the needed accurate treatment

of the junction and boundary conditions for all flow conditions [3]. A

subsize time step is used in integrating the characteristic equations between

steps of the field-equations solution. The size of the time step in the

junction and the boundary-condition formulation relative to that in the field-

equations solution depend on severity of the gradient of flow properties. In

this papery ve discuss the ability of the same method in calculating sample

problems related to transient two-phase flow in the downstream piping of a PWR

pressurizer. To evaluate the accuracy of the computational result, we have

generated independent analytical results for comparison with the computational

results.

GOVERNING DIFFERENTIAL EQUATIONS

The governing equations are the conservation equations of mass, momentum,

and energy of one-dimensional compressible flows. The equations considered

are for homogeneous, equilibrium, two-phase flows of a single-component

fluid. The equations are written in a conservation form as

(1)

3 ?
+ ^ ( P U + p) = Pg cos 9 - x , (2)

and

g—pE + •_— [u(pE + p)] = pg cos 0 • u + Q, (3)

where E is the total energy defined by



E = i +±u. (4)

The three governing equations contain four dependent variables: p, p, i, and

u. Hence, an additional equation is required for solution and the fourth

equation is the equation of state in the form,

p = p(p, i) . (5)

The three governing equations are in the form of the generalized

transport equation,

!•-& + y = set-),

where U, F, and S are vectors with three elements each representing the

transport quantity, flux, and source, respectively.

SOLUTION OF FIELD EQUATIONS BY FINITE-DIFFERENCE TECHNIQUE

The procedure used for the solution of field equations is the explicit

technique based on the two-step Lax-Wendroff scheme [4] . It is briefly

described here for a uniform nodal spacing, Ax = constant. Figure 1 depicts a

typical rectangular grid system in the x-t plane. Points A, B, and C are at

the current time tQ where the solution is known, and point P is the interior

point at tQ + At where the solution is sought. The governing equations in the

general form, Eq. 6, are differenced as follows.



In the first step, the intermediate, half-step values are calculated for

Points 1 and 2, respectively, as

and

V + XFc - V + > x (\ +V

V + ¥Ch " V + ¥^K + V '

where 3 = At/Ax. These intermediate values U. and U~ are next used to

construct intermediate flux and source vectors F. , F«, S., and S- .

The second step yields the final value at P:

Up = UA + pdj - F2) + ̂ SAxCSj + S2) . (9)

The procedure here is presented for a uniform nodal spacing. However it

is equally applicable to a system with variable node spacing (Ax ^

constant). The time step is restricted by the usual CFL (Courant-Frederick-

Lewy) condition for the explicit numerical schemes -is

At < Ax/(c

BOUNDARY CONDITION FORMULATION BY INTEGRAL METHOD OF CHARACTERISTICS

The governing equations are written in the following characteristic form,

as given in Reference 3:



^ + PC P- = - ff£) (UT + Q) + c(pg cos 8 -• T) , (11)
at dt p V3i'p

along the R-characteristic dx = (u + c)dt

Q) - c(pg cos 6 - T ) , (12)

along the S-characteristlc dx = (u - c)dt:

and

"dt = "pT ^ U T Q ) '

along the T-characteristic dx = udt.

The energy equation includes the friction work ( U T ) and wall heating (0),

but ignores the longitudinal heat conduction. In addition to the governing

equations, the equations of state written in the following functional form are

needed:

P
T
c = f..(p,s), i = 1, 2, 3, 4 . (14)

Equations 11-14 contain seven independent variables—u, p, s, p, T, c, and

(3p/3i) ; hence the closure condition is satisfied. The equations of state

are in an implicit form and can be handled only numerically. The main

independent variables are, however, still the three variables u, p, and s, for

which the three characteristic equations (11-13) are used.

The main boundary conditions involved in the PWR pressurizer downstream



piping are the inlet flow condition, the outlet flow condition, the various

junction conditions between the inlet and outlet, and the materials interface

condition between the nitrogen gas in the piping and the incoming

steam/water. Because the sample problems are the simplified versions of the

PWR pressurizer relief piping where the many pipe junctions are neglected,

only the three boundary conditions (inlet flow, outlet flow, and materials

interface boundary condition) are discussed.

Specified Mass Inflow Boundary Condition

This boundary condition applies to a situation where flow rate into a

pipe is known—for example, from an experiment. A known m is introduced at

the pipe inlet; hence, the only applicable characteristic is the S-

characteristic, as shown in Figure 2. The entropy at tha new time step (point

P of Fig. 2b) is first determined from the fluid condition being introduced at

the pipe inlet—namely the upstream reservoir condition in the sample

problems. Then the pressure-velocity diagram is constructed for that

entropy. An abrupt pipe-inlet geometry is assumed; hence, the flow is c jked

at the inlet before it can accelerate in the pipe. The boundary condition is

the intersection of the S-characteristic and the constant mass-flow line

(Point P of Fig. 2c), as indicated in the schematic p - u diagram of Fig.

2c. But there is a restriction on the velocity u: if the intersection lies

in the supersonic region (point P 1 ) , for example, the boundary condition is

the choked flow represented by P^ (the intersection of the mass i'low line and

the sonic line). This choked inlet flow condition occurs when the neighboring

state in the pipe is very low in pressure and/or high in velocity.

The intersection of the S-characteristic with the constant mass flow line

in the p - u plane (for a fixed entropy) is searched numerically by



incrementing the pressure from the neighboring state S (Point S in Fig. 2c)

and following Eq. 12 (S-characteristic equation). Because it depends on the

severity of the flow property gradient near the boundary, the pressure

increment used in the numerical integration is much smaller than the typical

one associated with the field equations solution step At, The ratio in the

two steps ranges typically from 5 to 20.

Outflow Boundary Condition

The outflow or the break boundary condition is the intersection of the R-

characteristic line and either the back pressure line or the sonic line in the

p - u diagram, as sho TL in Fig. 3c. The entropy for the advanced point (point

P of Fig. 3b) is first calculated by advancing Eq. 13. Then the other two

variables, p and u, are sought numerically in the p - u diagram for the new

entropy value, in much the same way described above for the mass inflow

boundary condition.

Material Interface Condition

The PWR pressurizer relief piping usually is filled with inert gas

nitrogen. Hence, when the SRV is opens, the steam/water enters the piping and

forms a material interface. For a fast blowdown transient, which is the

subject of this study, the interface may be assumed to remain undistrubed with

respect to mixing without too great an error. For the assumed distinct

material interface, the pertinent characteristics on both sides of the

interface and the associated p - u diagram are as sho^m in Figure 4. The

entropies, s R and s , at the advanced time, points PT and PT, respectively,

are first calculated by integrating Eq. 13 for the two materials, ML and MR,

on both sides of the interface. Once s R and s s are determined, the remaining
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variables p and u are calculated by seeking the intersection of the R-

characteristic line (Eq. 11) and the S-charar.teristic line (Eq. 12), shown

schematically in Figure 4b. Note that the pressure and velocity are

continuous across the interface, although the entropy is not. Again,

intersection Point P in the p - u diagram is found numerically by a small

increment of pressure starting from the neighboring state points R and S, as

indicated in Figure A.

The regular nodes adjacent to the interface (nodes PL and PR in Figure

4a), involve partial computing cells and hence the field equations solution

scheme cannot be used. Therefore, nodes PL and PR are computed by the method

of characteristics, in much the same way as the interface is computed. But in

this case, the intersection of the R- and S-characteristic lines in the p - u

plane for the same material, either material ML or MR, depending on whether

the computation is for node PL or node PR.

In all the three boundary conditions discussed above, the states for the

neighboring points (base points of the characteristics, e.g., points R, S, and

T or T in Figures 2-4) are estimated by interpolating values at adjacent grid

points. Interpolation formulas with various orders of accuracy may be used.

In this study, the first-order formula was used, and the result proved

satisfactory. The formulas for various situations of wave interactions for

the above three boundary condition formulations were worked out and are

reported in Reference b .

DESCRIPTION OF SAMPLE PROBLEMS

The sample problems are related to the rapid discharge of steam (or
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water) in the downstream piping of a PWR pressurizer. Figure 5 shows the

sample problems, which consist of the preasurizer tank and the 25-ft-length

piping connected to the pressurizer at one end via the safety/relief valve

(location A) and open to atmosphere at the other end. The inlet flow (m) to

the piping is specified (two different inlet flows are specified, as indicated

in Figure 5 for the two sample problems). The initial condition in the piping

is a stagnant nitrogen gas at roo'n temperature and atmospheric pressure. The

task is to solve the shock wave formed by the sudden opening of the valves as

it travels down the piping, and the subsequent wave interactions resulting

from the reflection at the exit. The two sample problem considered are:

Sample Problem 1 Flow of dry saturated steam, m = 254,000 kb/hr

(560,000 lbm/hr), at 16.55 MPa (2400 psia), and

Sample Problem 2 Flow jf subcooled water, 0.757 m3/min

(200 gpm), at 100°F.

The reason that the flow rate is specified, instead of th^ valve opening, is

that the flow rate often is available from an experiment, and behavior of the

downstream flow is of interest. In Sample Problem 1, the steam flow is

sufficiently high to choke at the pipe inlet. In Sample Problem 2, however,

the flow is very low and not directly related to any of the anticipated flows

in the pressurizer downstream piping. But this aspect is intended to test the

ability of the numerical scheme to handle the extremely low flow and the large

gradient of flow properties existing at the water/nitrogen interface. Ability

of the numerical scheme to calculate this aspect of the flow is very important

because such an aspect exists in the real system near the water loop seal.

CODE RESULTS AND COMPARISON WIT'! INDEPENDENT ANALYTICAL SOLUTIONS

Tba two sample problems, as shown in Fig. 5, are calculated by the hybrid
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numerical technique [3]^ discussed in this paper, where the field governing

equations are solved by the two-step Lax-Wendroff scheme [4] and the boundary

conditions by the integral method of characteristics. To generate independent

analytical solutions for critical evaluation of the code results with respect

to the numerical accuracy, we made several simplifications. The piping is

assumed to be straight and frictionless, with no wall heating and no

gravity. Under these conditions, independent, nearly exact solutions were

obtained and these analytical solutions are compared with code results

obtained for the same conditions.

Sample Problem 1

Isentropic expansion of steam from the reservoir condition (2400 psia) is

shown in the p - u diagram of Figure 6. The flow at the pipe inlet is choked

(this condition is represented by S^ in Figure 6b, which is the intersection

of the constant mass-flow line and the sonic line). Further expansion takes

place inside the pipe, as indicated by the inlet expansion fan shown in Figure

6a. The shocked state (si for steam and So for nitrogen region as shown in

Figure 6a) is obtained by a simultaneous solution of the C -characteristic

(Eq. 1 but dropping the neglected terms) for steam, namely

|J = -pc , (15)

and the Rankine-Hugoniot relation for nitrogen

u , = C - K ' • • k + 1

» r v 1 i

1 k lp '

2k 1 / 2

pl . k - 1
+ k + 1

(16)
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The shocked state is the Intersection of the C+-characterlstic and the

Rankine-Hugoniot relation, obtained numerically by a stepwise marching. The

solution thus obtained is as follows:

Pj = p2 = 0.441 MPA (63.S7 psia)

ux = u2 = 425.7 m/s (1396.8 ff/s)

U = 688.7 m/s (2259.6 ft/s)

Tj = 215.9°C (420.7°F) (17)

cj = 451.1 m/s (1480.1 ft/s)

T2 = 147.2°C (296.9°F)

c2 = 371.2 m/s (1217.7 ft/s).

The narrow expansion fan at the pipe exit also was solved analytically [5] ,

but the results indicated that the reflection of the shock wave at the pipe

exit was rather weak so it is not discussed here.

The code calculation results are shown in Figure 7, where comparison is

made with the analytical solutions. The comparison shows good agreement,

although some overshoot and numerical smearing near the shock front typically

appear in the code result. These are typical properties of finite-difference

schemes such as the Lax-Wendroff scheme used in this study as the field

equations solver. The loci of the hock wave and the material interface

obtained by the hybrid technique agree nearly perfectly with the analytical

solution. The inlet expansion fan is well represented in the pressure profile

of the code result. The temperature discontinuity across the material

interface also agrees well with the analytical solution.
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Sample Problem 2

The inlet flow of subcooled water at 0.757 m /min (200 gpm) results in a

very low flow, Au = 0.272 m/s (0.893 ft/s), which creates a weak shock system-

-essentially an acoustic system. The pressure in the shocked region is

calculated by the weak shock relation

Pi " Poo k ui

_i- = —i . (18)

Ap = Pj ~ Poo = 110.3 pa (0.0160 psi) obtained by this equation, can be seen in

Figure 8, where the entire solution is shown. Basically, the weak shock

system is the acoustic wave reverberation in the pipe between the constant-

velocity water-inflow boundary at the inlet end and the constant-pressure

boundary (atmospheric pressure) at the exit end.

The numerical results obtained by the hybrid technique are compared with

the analytical solution in Figure 9. The first disturbance, at 10.4 ms into

the transient, is shown in the pressure profile, where then is good agreement

in the location of the disturbance but also a substantial amount of numerical

dispersion. Calculation of Sample Problem 2 involves the condensed water

phase present in the pipe, for which the sonic speed is much higher than that

of the nitrogen gas existing in the remainder of the pipe. Hence, in the

fixed-time step numerical procedure, such as the one adopted in this study,

numerical dispersion in the soft fluid region is inevitable. Figure 9b shows

the pressure profile at 30.4 ms, which is the reflected wave from the exit

end. (Note the overshoot behind the compression wave shown in Figure 9a and

the undershoot behind the rarefaction wave shown in Figure 9b). A typical

pressure history of Sample Problem 2 is shown in Figure 9c for Location B,

0.762 m (2.5 ft) downstream of the inlet valve. Other than the numerical
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dispersion and the overshoot and undershoot noted above, the agreement of the

code result with the analytical solution is again generally good.

NUMERICAL DIFFICULTY AT MATERIAL INTERFACE WITH LARGE GRADIENT

OF IMPEDANCE AND METHOD TO OVERCOME THE DIFFICULTY

In calculating Sample Problem 2, we experienced numerical difficulties

that originated near the interface and that eventually caused a numerical

instability* A detailed examination revealed that a small interpolation error

in the initial plane (which usually remains bounded) amplifies due to a large

difference in the fluid impedance (pc) across the material interface, e.g.

pjCT»p|}Cp. Figure 10 shows the reflected disturbance front approaching the

material interface, namely at t = 43 tns in Sample Problem 2, as can be seen

from Fig. 8a. Computation of the material interface node requires an

interpolation in the gas region (Material MR) between points T and A to obtain

the impedance at S. Because the disturbance front is located in the

interpolation region, an error is introduced that first appears in the

pressure and velocity values obtained for the advanced material interface.

The error is transferred to the liquid region (Material ML) through the

calculation of node PL. The error introduced in the liquid region is

amplified in proportion to the ratio of the fluid impedance as

The impedance of water is many orders of magnitude larger than that of

nitrogen gas, and the error amplification is large.

The method used to overcome»this difficulty is to maintain the velocity

coupling across the interface but suppress the nonphysical growth of pressure
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in the stiff-material region. First the interface nodes are calculated by the

normal procedure; this is followed by the PR-node calculation. Next the

pressure at Node PL is replaced by the pressure value calculated for Node

PR. The method maintains the velocity coupling needed at the interface and at

the same time allows the control of the numerical error in the stiff-material

region. The Sample Problem 2 results presented in this paper were obtained by

this method.

CONCLUSIONS

The sample problems are calculated by the hybrid numerical technique

based on the two-step Lax-Wendroff scheme for field equations solution and the

integral method of characteristics for junction and boundary conditions

formulation. The results showed generally good accuracy, as evidenced by

comparison of the numerical results with independently generated analytical

solutions. The integral method of characteristics used in formulating the

junction and boundary conditions is precise. Any errors occurring in the

overall hybrid procedure can, under certain situations, grow without bounds.

In Sample Problem 2, the larga impedance difference at the water-nitrogen

interface caused a numerical instability. A special remedy was implemented to

obtain a stable numerical result. A condition of velocity coupling at the

vicinity of the interface was imposed in the material interface condition

formulation.

The two sample problems are constructed to include many important

features of the transient, two-phase flows of the PWR pressurizer downstream

piping, including the water loop seal. It is difficult to calculate flow

including wave propagation and interaction with sufficient accuracy. The

hybrid numerical method used here to calculate the sample problems offer good
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potential for this difficult application. The good accuracy attainable from

the hybrid numerical technique suggests that the scheme should be suitable for

benchmark solutions often needed in large computer program development as well

as for other practical design and safety analyses, in view of the

computational efficiency of the scheme.

ACKNOWLEDGMENTS

This work was performed as part of the safety/relief valve testing

program at the Electric Power Research Institute. We thank Dr. T. Wheeler of

EPRI for the support and for his many helpful discussions.

REFERENCES

1. N. G. Galluzzo, "Unsteady Water Injection Models for Analysis of
Sodium/Water Reactions in Steam Generators," ASME Second National
Congress on Pressure Vessels and Piping, Paper No. 75-PVP-67, San
Francisco, CA (June 1975).

2. R. W. Lyczkowski, R. A. Griraesey, and C. W., Solbrig, "Pipe Blowdown
Analysis Using Explicit Numerical Schemes," 15th National Heat Transfer
Conference, San Francisco, CA (Aug 1975).

3. Y. W. Shin and A. H. Wiedermann, "A Hybrid Numerical Method for
Homogeneous Equilibrium Two-Phase Flows in One Space Dimension," ASME J.
of Pressure Vessel Technology, Vol. 103, Feb. 1931, pp. 20-36.

4. R. D. Richtmyer, "A Survey of Difference Methods for Non-Steady Fluid
Dynamics," Technical Note 63.2, National Center for Atmospheric Research
(1963).

5. Y. W. Shin and A. H. Wiedermann, "Sample Problem Calculations Related to
Two-Phase Flow Transients in a PWR Relief Piping Network," Technical
Memorandum ANL-CT-81-21, Argonne National Laboratory, Argonne, IL, March
1981.



18
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