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ABSTRACT

This report describes the development of a computer program which
operates on hydrodvnamic output from the RELAP5/MOD1 program and computes
piping hydrodynamic force/time histories for input into various structural
analysis codes. The report describes the force calculation theory, showing
the development of a general force equation and the solution of this
equation within the RELAPS output structure. To illustrate the
calc National method and provide results for discussion, a sample problem

is presented. A detailed user manual Tor the computer program is ircluded
as an appendix,

The work was performed in support of the NRC Safety/Relief Valve
Program for which EG&G Idaho acted as the System Integrator.
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SUMMARY

This report describes the development of a computer program that uses
hydrodynamic output from the RELAP5/MOD1 program and computes piping
hydraulic force/time histories for input into various structural analysis
codes. This program is considered an improvement over existing force
calculation techniques available at EG&G Idaho because it solv>s the force
equation using the pressure and wall shear force terms instead ot the
pressure and¢ fluid acceleration terms, eliminating potential instabilities
associated with computing the time derivative in the fluid acceleration
term; and uses output from the RELAP5/MOD1 program, an advanced
one-dimensional computer program which is fast, accurate and easy to use.

A general equation was constructed to describe the force exerted on a
container, This general equation is applicable to a wide variety of pipe
force situations and serves as the fundamental relationship for the
calculation program, Forces are computed for each RELAPS hydrodynamic
control volume, then summed over designated control volumes to obtain the
total force.

The computer program R5FORCE is designed to operate on input, output
and calculational phases. During the input phase, system geometry data and
user input data are read, stored in memory, and then used to set up control
arrays. The calculation phase involves a progression through the RELAPS
outnut data where all required forces are computed and written to an output
file. Upon completion of the requested force calculations, the program
provides a summary identifying the maximum positive and negative forces
encountered for each volume force, subforce and combined force requested,
including the time of the maximum force.

A sample problem was considered to illustrate the calculational
technique and provide results for discussion. Two sample problems were
used to create results for comparison with existing force calculation
techniques available at EG&G Idaho, Inc. The same system was used for both
sample problems and consisted of a supply vessel connected by a valve to an
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accumulator which was then connected to a relief valve through a short
lengtnh of piping; a section of relief valve discharge piping was also
included. The first transient consisted of a steam filled relief valve
inlet line in which the supply vessel pressure was increased until the
relief valve opened. The valve separating the supply vessel and the
accumulator was then closed, allowing the accumulator to blowdown until the
relief valve closed. The second transient was identical to the first
except the loop seal in the relief valve inlet piping was filled with
subcooled liquid. Force calculations were performed for each transient and
results are presented later in this report.

A detailed user manual for RS5FORCE is included as an appendix to this
report.
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RSFORCE: A PROGRAM TO COMPUTE FLUID INDUCED FORCES
USING HYDRODYNAMIC OUTPUT FROM THE RELAPS CODE

1. [INTRODUCTION

There are currently available a number of computer programs (such as
RELAPS' and TRACZ) that have the capability of simulating the transient
and steady-state flow behavior in piping systems under both single and
two-phase flow conditions. In each of these programs, the primary effort
was directed towards predicting the flow behavior in the piping system but
did not included the calculation of fluid induced forces. For the design
and analysis of piping systems (such as relief valve discharge piping, or
systems undergoing pipe rupture, or ibnormal valve or pump oneration),
fluid forces on the piping are an important portion of the overall

structural analysis and must be comouted.

This report describes the development of a computer program that
operates on hydrodynamic output from the RELAP5/MOD1 program and computes
piping hydraulic force/time histories for input into various structural
analysis codes, such as NUPIPE.3 SAP4 OR ADINAS. This program is
considered an improvement over existing force calculatios technigues
available at EG&G Idaho (References 6 and 7) because it solves the force
equation using the pressure and wall shear force terms instead of the
pressure and fluid acceleration terms, eliminating potential instabilities
associated with computing the time derivative in the fluid acceleration
term; and uses output from the RELAP5/MODI program, an advanced

one-dimensional computer program that is fast, accurate and easy to use.

Section 2 of this report is a description of the force calculation
theory showing the development of a general force equation and how it
applies to various system geometries. Section 3 details how these force
equations are then solved within the RELAPS output structure. The
resulting computer program RS5FORCE is described in Section 4. To
illustrate the calculational method and provide results for discussion, a
sample problem is considered in Section 5. In Section 6, this sample



probiem and 3 slightly modified form of this problem are used in a
comparison study with previously existing calculational techniques
available at EGAG ldaho. Section 7 includes several conclusions from this
work., A detailed user manual for the RSFORCE program is included as an
appendix to this report,

This work was conducted for the Nuclear Regulatory Commission's
Safety/Relief Valve Program and fulfills a portion of the task described in
References 7 and 8., This report will assist in auditing utility
safetv/relief valve system analyses as requested by the NRC.




2. FORCE CALCULATION THEORY

2.1 General Equation

[t is possible to derive a general equation for the net force exerted
on a cuntainer based upon the following assumptions:

1. Neglect external fluid velocity &nd shear force effects
b One-dimensional uniform cross sectional area control volume

3s Normal stress approximated by the quasi steady change in momentum
(the local dynamic pressure plus the fluid momentum)

4, Uniform fluid velocity, density, and pressure over the local
-ross sectional area and uniform shear over the local control
volume surface area.

sased on the cross sectional view of the arbitrary shaped container and the
notation specified in Figure 1, chis equation can be expressed as

Fe= (Py %o up) Ay ¢ (Prp + oy up) Apy = Py Agy = Pep Ay + T A (1)
where

A = volume surface area

P B fluid pressure

u = fluid velocity

P - fluid density

T = shear force per .nit area



Figure 1. Generalized fluid container
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and the subscripts (1) and (E) refer to interior or external conditions,
the subscripts (1) and (2) refer to the volume inlet or outlet and the
subscript (s) refers to the interior surface area parallel to the flow.
The first four terms in this equation represent the forces resulting from
the pressure and momeritum at Control Surfaces CS1 and CS2. The fifth term
represents the force resulting from fluid shear on Control Surface CS3.
Starting from basic principles, a detailed development of Equation (1) is
included in Appendix A. This equation applies to a wide variety of pipe
force situations and serves as the fundamental relationship for the
calculation program described herein.

A dynamic structural analysis of a piping system requires that forces
be applied, in terms of time histories, at various points or node locations
in the piping model. Tnes= nodes are generally located near components
that result in either a change in flow direction or flow area (. :ch as
elbows or bends, reducers, valves or an open pipe end). Since the
application of Equation (1) makes it possible to compute a net force for
each vclume in the hydrodynamic analysis, the total force at any particular
node location can be considered to be the sum of the individual forces of
each hydrodynamic volume within the control volume defining the nodal force.

Equation (1) is made up of five terms. Two of these terms represent
forces associated with the volume inlet junction, two with the volume
outlet junction and one with the volume itself. The application of
Equation (1) will differ depending on the type of volume end geometry. In
particular, a volume can be connected to an adjoining volume in one of four

ways:

I. Continued--Adjacent volumes are at the same angle, such as
Volumes CV2 and CV3 in Figure 2

2. Bounded--Adjacent volumes are at different angles, such as
Volumes CV3 and CV4 in Figure 2



3. Open--A volume represents the end of a pipe, although continued
to an adjacent volume in the RELAPS model, such as Volume CV4 in
Figure 2

4, Special--Mechanistic junction models, such as the relief valve
between Volumes CV1 and CV2 wn Figure 2.

These geometries can also contain area changes between adjacent
volumes and a constant or variable throat ratio, simulating an orifice or a
valve, Each of these geometries will be discussed in greater detail below.

2.2 Continued Junction

From the previous discussion, the junction cornecting Volumes CV2
and CV3 in Figure 2 can be considered to be continued since there is no
change in direction between the adjacent volumes. Applying the applicable
portions of Equation (1) to the inlet and outlet junctions of a general
hydrodynamic control volume results in:

Fy = =(Ppy ¥ og up) Ay + Py Agy
Fo = (Prp+ oy uf) Apy = Py Agy
where

P = fluid pressure

0 = fluid density

u - fluid velocity

A = area
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Figure 2. Typical piping/control volume
system.



and the subscripts (I) and (E) refer to internal and external conditions,
and the subscripts (1) and /2) refer to the inlet and outlet junctions of a
control volume, respectiveiy. Thus, there are four internal parameters (P,
g, U, A) and twu external parameters (P, A) that must be determined for

the inlet and outlet junction of each contrel volume.

Tne external pressure at the inlet and outlet junction are available
from the input data to R5FORC.. The internal change in momentum and area
at the inlet and outlet junction are not available directly in RELAPS,
however, they can be computed as discussed in Appendix B.

2.3 Bounded Junction

The junction connecting Volumes CV3 and CV4 in Figure 2 can be
considered to be bounded since there is a change in direction between
adjacent volumes. Applying the applicabie portions of Equation (1) to the
inlet and outlet junctions of a general hydrodynamic control volume results

in:

) 2
= =(Ppy *op up) Apy + Pey Agy

: 2
Fo= (Prptopur) App = Pep App

Note: When the (P + pulz)(A) term was evaluated for a continued type

of junction, the (P + pulz) term corresponded to the pressure and momentum
approximated from volume conditions impinging on a flow area restriction.
For a bounded type of junction, this force will still exist in addition to
the force resulting from the pressure and momentum at the junction acting
on the pipe during the bend. Expanding the above expressions to account
for these force developing areas resuits in:




2
e vt ) Mt Per Ay

: 2
‘II’ Fy = =Py *opupt) A= (Pyy

_ 2
Fo= (Prp*op u) At (Pry

2
* o2 Yoz ) Praz - Pe2 Ae2

to junction conditions.

where the subscript (J) refers

Note: Since the force on each hydrodynamic control volume is
. computed, then summed over one or more control volumes with the same
elevational angle, the results will be independent of the geometric
relationship of the volumes on the other side of a bend. Thus, the results
are not dependent on any particular bend angle.

2.4 Open Junction

The outlet junction of Volume CV4 in Figure ¢ can be considered to be
open, representative of the end of a pipa. Since an open pipe is at the
outlet nf ¢ piping sysiem, only the outlet junction of a volume will be

considered tc be open. Applying the applicable portions of Equation (1) to
‘ the outlet junction of a general hydrodynamic control vclume results in:

12 = Pe2 Re2

2.5 Special Junction

Becauce of the physical differences between an actual relief valve and
the RELAPS model of a relief valve, the junction connecting Volumes CV]
and CV2 in Figure 2 must be treated with a special mechanistic model. Two
special mechanistic models currentiy exist in the code, one of which is a
relief valve model with the orifice on the inlet and the other is a relief
valve with the orifice on the outlet. Both of these mechanistic models
assume the control volumes connected to the relief valve inlet and outlet

are at an angle to each other. Applying the applicable portions of



volume) and outlet (inlet junction of the following control volume) where

Equation (1, to the valve inlet (outlet junction of the preceding control ‘
ithe orifice is on the valve outlet results in:

Py =P e u) Ay = e * ey i) Apn * Py Ay

P., A

2
Fo= (Prptopu)A £2 P2

2 12 -

where the valve outlet force (F]) is defined as though it were a bounded
junction and the valve inlet force (F?) is defined as though it were a
continued junction, except that area AI? is the full area of the pipe.
For the case of the relief valve orifice being on the valve inlet, the

above equations would be reversed.




3. COUPLING TO RELAPS

The numerical solution of the two-phase flow equations in RELAPS is
accomplished through the use of a spatial mesh of hydrodynamic control
volumes connected by junctions. Fluid properties are defined at the center
of each control volume (such as pressure, density and velocity) and at each
junction (such as density and velocity). The application of Equation (1)
makes it possible to compute a net force for each hydrodynamic control
volume in the RELAP5 analysis. In general, each force control volume
includes one or more control volumes. Moreover, the force acting on each
control volume can be computed, thern summed over an entire force control
volume,

Examining Equation (1) yields several flow quantities that must be
obtained from RELAP5S in order to evaluate the forces acting on a control

volume,

These include the following:

Control volume pressure

Control volume momen*um

Junction momentum

Indication of choking at a junction
Control volume shear force.

The control volume pressure is readily available as are the momentum
terms and the indication of junction choking. However, both the control
volume momentum and junction momentum must be modified for a two-phase flow
situation as:

2 2

U = a_p

2
g PglUg * (1-ag) o ug

where a is the void fraction and the subscripts (g) and (f) refer to the
gas and fluid phases, respectively.
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The control volume shear force term is not available directly in
KELAPS, however, it can be computed as discussed in Appendix C. To
correctly compute the fluid shear however, system components resulting in a
frictional loss, such as elbows, must be modeled by modifing the volume
roughness rather than by adding an energy loss coefficient at a junction.
Modification of the volume roughness is also contained in Appendix C.

Using the internally computed properties, the following quantities are
written to the RELAPS output tape at every successful time step.

Ls For each volume:

a. Control volume pressure
b. Total wall shear
€s Control volume momentum

2. For each junction:

a. Junction throat ratio
b. Junction momentum

A Indication of junction choking

This information can then be used to compute the force on any RELAPS
control volume then summed over designated control volumes to obtain the
total force.

12



4. THE COMPUTER PRUGRAM

The computer program that solves the force equations and creates a
force/time history is entitled R5FORCE. The program uses output data from
RELAPS in the format described in Appendix C; the code updates used to
create this data file are also included in this appendix.

Figure 3 shows that R5FORCE operates in an input, calculational and
output phase. During the input phase, system geometry data (available on
the RELAPS output tape) and user input data are read and stored in memory.
This data is then used to set up integer control arrays that contain such
information as the force reference numbers, direction indicator flags, and
applicable RELAPS junction and control volume numbers. Once the control
arrays are established the calculation phase involves a progression through
the RELAPS5 output data, where all required forces are computed (at each
RELAPS computational time step) and then written to an output file; forces
can also be printed at selected time steps. Upon completion of the
requested force calculations, the program provides a summary ident{fying
the maximum positive and negative forces encountered for each volume force,
subforce, and combined force requested, including the time of the maximum
force. In addition, each computed force can be output in a format suitable
for plotting. Pressures at each RELAP5 control volume can also be written
to an output file for use as input to structural analysis codes.

In order to be consistent with the basic equations solved in RS5FORCE,
the following conventions must be followed.

A The RELAPS model must be developed in the direction of positive
flow.

2. The force direction must be colinear with the pipe axis, in any
direction.

13



Read and print all input data

Read and print system geometry information
from hydrodynamic file.

1

Set up integer control arrays for force
calculations.

Read current hydrodynamic data

Input phase

Compute volume left and right areas and

pressures.

Compute forces

1

Write subforces and combined forces to

output file.

[:Hrite pressures to output file

:

Write lorces to plot file

¢

Check for maximum positive/negative forces

No

Yes

Calculation phase

Print maximum positive/negative forces

Figure 3. RSFORCE flow diagram.
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. System components resulting in a frictional loss, such as elbows,
must be mod2led by modifing the volume roughness term, not by the
addition of an energy loss coefficient., Note: The roughness
cannot be larger than half the volume diameter,

4, Branch components in RELAPS5 cannot be included in the definition
of a subforce or a combined force.

RSFORCE has been written using Control Data Corporation (CDC) FORTRAN
Version 5. The intrinsic functions SHIFT, MASK, LOCF, CMMALF and ENCODE,
which are CDC extensions to FORTRAN 77, are utilized and therefore make the
program COC dependent. A listing of RS5FORCE is included in Appendix E.

15



5. SAMPLE PROBLEM

A sample problem is now considered in order to illustrate the
application of the methods considered previously, and also to provide
results for discussion. Detailed user input instructions for this sample
problem are discussed in Appendix F of this report.

The sample problem consisted of a simple relief system as shown in
Figure 4. The system involved a pressurized accumulator connected to a
relief valve through a short length of piping which served as a loop seal.
The relief valve discharge piping terminated as an open pipe segment,

A RELAP5/MOD1 hydrodynamic mode]l of this system was used to generate
an input file for force calculations. This model consisted of fluid
control volumes connected by junctions and extended through the entire
piping system. Each control volume and junction was described in terms of
fluid state, geometry, and flow characteristics, with locations selected to
ensure adequate representation of the fluid transient.

Upstream from the relief valve, the accumulator and piping initially
contained saturated steam at a pressure of 16.55 MPa that was increased
linearly to 18.27 MPa in 0.5 s. The discharge piping was assumed to be
initially filled with saturated steam at atmospheric pressure; the
downstream boundary was mainta:ned at this pressure. The fluid transient
cons idered involved a 40 ms relief valve opening beginning when the relief
valve inlet pressure reached 17.24 MPa, which occurred at 0,21 s,
Following the valve opening, steady flow in the piping was achieved at
approximately 0.5 s, once the supply pressure stopped increasing. The
valve separating the supply vessel and the accumulator remained open until
1.0 s, at which time it was closed, allowing the accumulator to blowdown
until the relief valve closed at 16.38 MPa at 1.44 s, The problem was
terminated at 2.0 s.

16
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A description of the various subforce and combined forces selected for
discussion is shown in Figure 5. Figure 6 is a force/time history of
subforces SF101 ana SF103 which act on opposing elbows as shown in
Figure 5, and Figure 7 is the force/time history for the combined force
CF201, Figures 8 and 9 describe the subforces and combined force on a pipe
leg which includes an area change,
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6. COMPARISON WITH EXISTING TECHNIQUES

At EG&G ldaho, inc., fluid induced forces have typically been
approximated from RELAPS hydrodynamic output by using only the pressure and
momentum force terms applied at various points in the piping; this
technique is documented in Reference 6 and will herein be referred to as
the old approach. Recently, another technique to approximate the fluid
induced forces was generated which utilized the pressure and momentum force
terms in addition to a fluid acceleration term; this technique is
documented in Reference 7 and will herein be referred to as the modified
approach. This section provides a brief comparison between the old and
modified approaches and the new approach used in the RSFORCE program.
Refering to Figure 5, subforces SF105 and SF108, and the sum of these
forces, CF203, will be used for the comparison. Two fluid transients were
used, the sample problem discussed in Section 5 and the same sample problem
with a 1iquid slug in the locop seal.

Evaluating the Section 5 sample problem first, Figures 10 and 11
provide time history information for subforces SF105 and SF108,
respectively. Note that prior to and during the early stages of valve
opening, the force predictions by the old, modified and new methods were
very similar; as the fluid velocity became significant however, there were
slight differences between the techniques, This was more evident in the
time history of combined force CF203 which is shown in Figure 12. The
modified and new methods predicted a peak force of approximately 7000 N
(occurring immediately after the relief valve opened) which eventuaily
approached zero as steady flow was achieved. The old approach predicted a
higher maximum force of approximately 11,000 N which then decreased to a
relatively constant value of 4000 N during steady flow. This significant
force observed at steady state is not consistent with theory and is the .
result of neglecting the frictional shear force term. By computing the

pressure and momentum forces at two points irn a piping system, the momentum -
change between the two points is not balanced by the shear force, resulting
in an unrealistic combined force, This was the only significant difference

24



Differences

observed between the old and the modified and new approaches.
‘ between the modified and rew method are slight, however, the new method
will eliminate instabilities and data spikes previously encountered with

the modified method, as shown in the next sample problem.

Evaluating the second sample problem, a liqui. slug in the loop seal,
. igures 13, 14, and 15 provide time history information for subforces SF105
and SF108 and combined force CF203, respectively. The trends of this
evaluation are identical to those noted is the first sample problem, except
for data spikes associated with the modified method. The effect of these
data spikes is clearly shown in Figure 16 for the modified methcd versus
Figure 17 for the new method; combined force CF203 over the time range of
0.2 to 0.5 seconds. The old approach predicted a maximum force of
approximately 47,000 N, decreasing to a relative constant value of 4,000 N
during steady flow. The modified and new approaches are effectively
identical except for the data spikes associated with the modified method.
The new method predicted a peak force of approximately 41,000 N whereas the
modified methed, because of the data spikes, predicted a higher peak force
of approximately 65,000 N. The modified method in this example would have
. resulted in peak forces approximately 60% higher than the new method, due
entirely to data spikes. Other problems run with both methods have
resulted in peak modified forces many orcers of magnitude higher than the
new method. In such situations, the user is required to examire the data
in detail to eliminate potential data spikes, if possible.
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Figure 10. Comparison of the old, modified and
new approaches for subforce SF105
for the sample problem.

26

0

(s)

Time




-~

> o

i
S

|
f
|
|
ﬂ
m v—
|
| LT
Z8 M |
5.4 | ﬁb AR

o
o

(N) 92404
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Comparison of the old, modified and
new approaches for subforce SF108
for the second sample problem.
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7. CONCLUSICKS

An approach has been outlined and a computer program developed for
transient and steady state force calculations using hydrodynamic output
data from the RELAPS5/MOD1 computer code. This prograem is considered an
improvement over existing force calculation techniques available at EG&G
Idaho because it solves the force equation using the pressure and wall
shear force terms instead of the pressure and fluid acceleration terms,
eliminating potential instabilities associated with computing the time
derivative in the fiuid acceleration term; and uses output from the
RELAP5/MOD1 program, an advanced one-dimensional computer program that is
fast, accurate and easy to use.

It must be understood that verification studies with the R5FORCE
program have been very limited and no comparison with experimental data has
yet been made.
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APPENDIX A

DEVELOPMENT OF THE GENERAL FORCE EQUATION

A force can be exerted on a container in only three ways:

By means of pressure which acts on the surface of the container

By means of a shear force (friction) between a fluid and the
surface of the container

By means of an interaction between the container and a structural
support member.

Consider the cross sectional view of the arbitrary shaped container

shown in Figure A-1 where:

ds

u

local normal stress

= local shear stress

= differential surface element

- local pressure

- local density

= local fluid velocity

= unit vector normal to a surface

= unit vector tangent to a surface

= unit vector in the desired force direction

" area

A-1
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Figure A-1. Generalized fluid container.
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with the following subscript notation:

I - internal

k E external

1 - control surface 1 (inlet)
2 = control surface 2 (outlet)
3 - controi surface 3

The force acting on the control surface in the direction [ can then be
written as the sum of two surface integrals, or

Fe ffsetass [ « (e D)as (A-1)
S S

For an inviscid treatment, the shear term in Equation (A-1) is not used and
the force is obtained utilizing only the normal force term. When viscous
losses are considered, the shear force term in Equation (1) is generally
difficult to evaluate. Through an application of the law of conservation
of momentum, as alternate form of Equation (1) can be derived (footnote)'
and written in one-dimensional form as

B a -, 2 2
Feesp )l 0y - Py + oy UE)) Ay * (Ppp + op, UD,) A (A-2)

“R. L. Williamson, FORCET: A Program to Compute Fluid Induced Forces Usin
Hydrodynamic Qutput Trom the RE[gPS Code, EEB-EI-563I, Uctober T98T.
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This technique i1s used extensively to evaluate fluid forces acting on a
container. However, this technique has potential instabilities associated

with computing the time derivative in the fluid acceleration term, often
requiring various smoothing techniques to make the output useful.

if however, the shear force and pressure distribution are known for a
container, kEquation (A-1) can be used directly to obtain the fluid force on
the container. Expanding Equation (A-1) over the three control surfaces
identified in Figure A-1 and neglecting gravitational forces results in the ’
following:

€S| (52 °°

| Snq (M3 * LMdScgy - ” gy (g = Ddseg
CS3 CS1

- || vea (g + Didseg, - ’J tg3 (Nr3 * D)dscgg (A-2)
€S2 CS3

Summing forces in the direction of fluid flow ([) and:

¥, Neglecting external shear force effects, and
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l.

Kecognizing that for the one-dimensional uniform cross sectional

area control volume assumption in RELAPS:

(n3 «{)=0
(Agy « D) = ¢
(BT? « L) 0

Results in

-
W

J

€Sl

+

I

€S3

|
CSe

Since the local static pressure distribution is not known, the normal

- (A« Odsegy + ] s,

tyg (g = Ddsegy = [ S, (A) = Ddseg,
¢s1  E!

S (n, *» [)ds,c.
ey 2 (Y4

(A-3)

stress will be defined in terms of the quasi steady change in momentum (the

local static pressure plus the fluid momentum).
fluid velocity effects will be neglected which is consistent with
neglecting the external shear force effects, resulting in

5" 4lx

i3

CS2

2Y(n, * L
(pll tep oy )(n] L)dsCSI

(Prp * »p uff)(Ay « Ddsey

A-5

In addition, the external



+ H 'l‘ ‘ﬁ[j o f)dsCH - ” pf‘.‘ ('.\] ’ c)dSCSI .
€53 CSi

b ” Pey 0y o D)ds.q, (A-4)
€S2
Now, assuming that the fluid velocity, density and pressure are uniform ,

over the local cross-sectional area and that the shear is uniform over the
local control volume surface area, which is consistant with the
one-dimensional approxanation used in RELAPS, results in the following:

(D 2Xinm. & 2-.
Foe (Pry vopu)ny « L) Ay + Py * o u")(n, = D) Ay

tapg gy s D) Ay = Pey (g« D) Agy = Py (D) » L) Ag, (A-5)

For the one-dimensional uniform cross-sectional area control volume
assumption in RELAPS, the following unit vectors can be evaluated from

Figure A-1: .

(ﬁ, e L) = -]
(ﬁ?-t)=1
(513 « [) =1

Substituting these expressions into Equation (A-5) yields the
]

following expression for the force acting on a container:
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APPENDIX B

DEVELCPMENT OF THE JUNCTION PRFSSURE AND
JUNCTION AREA TERMS

A general equation for the force exerted on a container has been
developed and can be expressed as

Foe = (Ppy + oy Up) Apy + (Pry + o Up) Apy + Py Agy = Py Agy + ¢ A (B-1)
where

) - volume surface area

P = fluid pressure

u = fluid velocity

0 = fluid density

shear force per unit area

-
n

and the subscripts (1) and (E) refer to interior or external conditions,
the subscripts (1) and (2) refer to the volume inlet or outlet and the
subscript (s) refers to the interior surface area parallel to the flow.

Equation (B-1) is made up o {ive terms. Two of these terms represent
forces associated with the volume inlet junction, two with the volume
outlet junction and one with the volume itself. The application of
Equation (B-1) will differ depending on the t,pe of volume end geometry.

In particular, a volume can be connected to an adjoining volume in one of

four ways:

B-1




s Continued--Adjacent volumes are at the same angle, such as
Volume. CVZ2 and CV3 in Figure B-1

2. Bounded--Adjacent volumes are at different angles, such as
Volumes CV3 and CV4 in Figure B-1

3. Open--A volume represents the end of a pipe, although continued
to an adjacent volume in the RELAPS model, such as Volume CV4 in
Figure B-1

4, Special--Mechanistic junction models, such as the relief valve
between Volumes CVI1 and CV2 in Figure B-1.

These geometries can also contain area changes between adjacent
volumes and a constant or variable junction throat ratio, simulating an
orifice or a valve. The volume pressure and momentum, shear force and
shear force area terms are readily available on the RELAPS output tape.
The internal and external quasi steady change in momentum at the inlet and
outlet junction of each computational volume and the areas that the change
in momentum acts on must be computed.

1. Jevelopment of the Junction Change in Momentum Term

The internal and external change in momentum (pressure plus momentum
flux) at the inlet and outlet junction of each computational volume must be
determined in order to determine the forces acting on that volume. The
external pressure is defined through the input dev1 and defaults to
14.7 psia (0.101 MPa) for all junction types except an open junction. For
ar open junction, the external pressure is defined as the pressure plus
momentum flux in the adjacent downstream volume of the RELAPS5 model. This
will allow the effects of variable discharge conditions to be included in
the analysis.

B-2
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Figure B-1. Typical piping/control volume
system.
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The internal change in momentum is defined as the pressure plus
momentum flux in 2 volume. The change in momentum at a junction must be
approximated from the volume change in momentum. Ouly che outlet junction
changa in momentum will be developed for each junction type, the inlet
junction change in momentum development being identical with the exception
of the open junction which is not allowed as an inlet junction.

Epntinued Junction

Figure B-2 shows the location of the desired outlet junction change in
momentum team. This quantity will be approximated using a ratio of the
adjacent volume quantities and volume lengths as

2 2
J L, + DL,

(P + U (8-2)

This method will provide a reasonable approximation of the outlet junction
change in momentum except for the following situations:

1. If the downstream volume (volume 3) is a time dependent volume,
then DL3 will be zero. For this situation, the computational
and upstream volumes (volumes 1 and 2) will be used to
approximate the outlet junction change in momentum as

2 2 e 2 2
(P*yu')\]=(P*DU')Z*m— (P*pU )2-(P+9U )‘ (8'3)

2. If the outlet junction is choked or an area restriction (orifice,
valve) exists at the junction, a non-linear decrease in the
hydraulic head will occur and the adjacent change in momentum
cannot be used to determine the outlet junction change in
momentum, For this situation, the computational and upstream
volumes (volumes 1 and 2) will be used to approximate the outlet
junction change in momentum as discussed in item 1.

B-4
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3 [f either items | or 2 exist and if either the upstream volume
(volume 1) is a time dependent volume (DLl will be zero) or the
inlet junction is choked or an area restriction (orifice, valve)
exists, the junction change in momentum will be set equal to the
volume change in momentum,

4, If a downstream volume does not exist, then the junction change
in momentum will be set equal to the volume chanye in momentum.

Bounded Junct[gﬂ

fhe internal change in momentum for this type »f junction is identical
to the continued junction,

Unen Junction

The internal change in momentum for an cpen junction will be
determined by methods 2 and 3 for the continued junction. The other
techniques are not applicable since there is no physical piping downstream
of an open pipe (Volume 3 would not exist).

Special Junction

The irternal change in momentum for chis type of junction is identical
to the continued junction.

2. Develecpment of the Junction Area Term

The areas that the internal and external change in momenium acts on in
ecach computational volume must be determined in order to determine the
forces acting on that volume. Only the outlet junction area will be
developed for each junction type, the inlet junction area development being
identical w.th the exception of the open junction which is not allowed as
an inlet junction. RELAPS internal and output termnology will be used in
the development of the following expressions.
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Continued Junction

Figure B-3A shows the geometric configuration of a typical continued
junction. The internal area must account for the effects of an area change
beti,een adjiacent volumes and a junction flow area which could be larger or
smaller than the computational volume. The effects of these two geometries
are accouted for as

2 - mini *
AlR sz minimum AJ2 TR

AV3

(B-6)
Jp

A zero ur negative result means that there will be no area for the junction
change in momentum o act o~, thus there will be no force at that location.

The external area must account for the effects of an area change
between adjacent volumes. The effect of this geometry is accounted for as

Aer = M2 - A3 (8-7)

i_i_gunded Junct ion

Figure B-38B shows the geometric configuration of a typical bounded
junction. The internal area must account for the effects of an area change
belween the volume and the junction (AIRI) as well as the area of the
ranction (AIRZ)' The effects of these two geometries are accounted for as

Ao, = Ay = A * TR

IR} Vi J1 (8-8)

Ji

Rev - » Koz ® IR (B-9)
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ihe external area must account for the effects of an area change between
the computational volume and ithe junction as well as the bend. These
geometries are accounted for as

"

= A (B-10)

ER vl

Open Junction

Figure B-3C shows the geometric configuration of a typical open
junction, The internal area must account for the effects of a junction
flow area which could be larger or smaller than the computational volume.
Ihe effect of this geometry is accounted for as

AR = Avz ~ Ay * TRy,

(B-11)
The external area must account for the effects of a junction flow area
which could be larger or smaller than the computational volume. The effect
of this geometry is accounted for as

Aca = Rin = A

ER = Az - Agp * TRy, (B-12)

Special Junction

Figure B-3D shows the geometric configuration of the special relief
valve mechanistic model with the orifice on the valve outlet. The
mechanistic model with the orifice on the valve inlet can be obtained by
interchanging the inlet and outlet junction areas. The internal area must
account for the effects of a dead end for one junction and a bounded
junction for the other., The effects of these two geometries are accounted

for as

(B=13)

IR Vi
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APPENDIX C

DEVELOPMENT OF THE SHEAR FORCE COMPONENT AND
MODIFTCATION OF THE RECAPS ROUGHNESS TERM

1. DEVELOPMENT OF THE SHEAR FORCE COMPONENT

The force component attribution to shear can be considered to be the
sum of the shear forces for the gas and fluid, or

Fenear * Fshearg ’ Fshearf (C-1)

where the shear force for each phase is equal to the shearing stress, or
the wall friction per unit area for the phase times the pipe surface ared

proportional to the phase, or

Fanear, * (1g) (ag) (1 O 1) (C-2)

Fonear, * (1¢) (ag) (x D L) (C-3)

Reference (1) defines the wall friction drag coefficient as one eighth
of the phasic friction factor times the absolute velocity times the pipe
perimeter proportional to the phase divided by the pipe cross sectional

area and the phasic void fraction, or

A u PER
"y - %—Ig—uq—ﬂ (C-4)
A u PER
g Wy f
" TR o (C-5)

The pipe perimeter proportional to the phase can be expressed as the
phasic void fraction times the pipe perimeter (4A/D), or

C-1



4 Aa
4

PER, (.q)(»'w) . — (C-6)
4 A l'

PER; = (ug)(PER) = —p— (C~7)
Substituting the above into Equations (C-4) and (C-5) and solving for
A, and A vyields
f q

(FWw ) (2 D)
) @ 4 (C-8)
j u

g .

lfw') (2 D)
Ag & e - - (C-9)
! u'

fhe wall friction per unit area is defined as one eighth of the friction
factor times the phasic density times the velocity times the absolute

velocity, o

{ = A _P_u_. u (C-10)

Te = [ Ae Pg Ug Uy (C-11)
Substituting Equations (C-8) and (C-9) into the above yields
FW D p u
AL Qo WS AN (C-1")
q 4
FW,. Do 4
f i f
P C-
‘ 2 (C-13)
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. Substituting the above into Equations (C-2) and (C-3) yields

R e Sl W (C-14)

(C-15)

2. MODIFICATION OF THE RELAPS ROUGHNESS TERM

Due to th; solution technique used in RS5FORCE, system components which
result in a frictional loss, such as elbows, must be modeled by modifing
the volume roughness rather than by adding a form loss coefficient at a
junction. Form losses, such as orifices and valves, must still be
calculated by the addition of an energy loss coefficient or an area change
at a junction. This section of the appendix discusses how to modify the
volume roughness *erm to account for frictional losses.

. Currently, frictional loss geometries such as elbows are modeled by
adding an energy loss coefficient at a junction. This energy loss
coefficient is the product of the turbulent friction factor and the

L-over-D ratio, or

K = f[ (L/D)L (C-16)

where ft is based on the Colebrook Equation,

| £ 2.51
- = -2 log + (C-17)
Jf-\ 10 [TT 7 Rp \F.]




Assuming tubulent flow (Re = large), this expression can be simplified to ‘

l = «2 1o £
Jf—.‘ 9 3.7
t

or,

2
f, = : : ] (C-18)
-2 log]0 377—§J

To modify the volume roughness, an equivalent turbulent friction factor

must be determined as the sum of the above ft (L/D)L and the ft

(L/D)V of the volume being modified, or
- {
fe (L/U)v = ft \L/D)v + ft (L/D)L

or,

/), + (L),
o Sl ({/D)v (C-19)

The equivalent turbulent friction factor can now be used to calculate an

equivalent volume roughness by rearranging Equation (C-18) as

!

£, = 3.7 0 10 ‘Zer (C-20)

Using this value [Equation (C-20)] of volume roughness instead of the
normal pipe roughness will incorporate the effects of frictional losses
into the shear term.

An an example, consider an elbow in a RELAPS model which has an
L-over-D loss of 16 (K = 16 ft)' The lengch and diameter of the volume

C-4



upstream of the elbow is 1.60 ft and 0.6651 ft (L/D = 2.406), and
downstream of the elbow is 2.00 ft and 0.6651 ft (L/0 = 3.007). The pipe
rougnness (E) is nominally 0.00015 ft.

Half the elbow resistance (L/D = 8) will be added to the volume
upstream of the elbow and half downstream of the elbow. From
Equation (C-18), the turbulent friction factor can be calculated for both
voiumes as,

-2 ogyy 730590018

't = 0.01407

The equivalent turbulent friction factor can now be determined from
Equation (C-19) as,

. 5 2.406 + 8
fe (upstream) = 0.0140; 506
= 0.0614
e 3.007 + 8
fe (dOHnStrea‘“) = 0.01407 —T.007

"

0.520

The equivalent volume roughness can now be calculated using Equation (C-20)
as,

|

(3.7)(0.6651) 10 -2J0.0614

L]

EP (upstream)

0.02314

o
!
wu



ing these | values for the respective volume roughness terms will

o

,imulate the effects of an elbow.
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APPENDIX D

RELAPS CODE UPDATES AND OUTPUT TAPE FORMAT
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2. OUTPUT TAPE FORMAT

System Geometry (written once).

N Total Number of Volumes; Total Number of Junctions

- 8 For eacn volume, Volume Number; Volume Area; Volume Inclination;
Volume Length

3. For each junction, Junction Number; Junction Area; "From"

Junction Control Flag; "To" Junction Control Flag.
Qutput Data (written every time step)

l. Time

™~
.

For each volume, Volume Pressurc; Average Volume Shear Force;
Average Volume Momentum Flux

3. For eacn junction, Junction Throat Ratio; Average Junction

Momentum Flux, "To" Junction Control Flag (Contains “To" Junction
Choking Flag).
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APPENDIX F

PROGRAM USERS GUIDE

he purpose of this appendix is to provide sufficient information to
permit application of the RS5FORCE program to a typical piping system.
Included are a description of the force modeling strategy, detailed user
input instructions, and a sample problem. It is recommended that the main
body of this report be read and understood prior to using the program.

I.  FORCE MODELING STRATEGY

The RELAPS code numerically computes the fluid transient response
within a pipind system by dividing the system into a number of hydrodynamic
control volumes connected by junctions. Associated with each control
volume and junction is a nine digit integer reference number. This
reference number is written to the RELAPS hydrodynamic output tape and is
therefore available for use in the force calculation program. In the
RS5FORCE input instructions, force control volumes can then be constructed
simply by specifying the app!icable RELAPS control volume reference numbers.
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Z. RSFORCE INPUT AND OUTPUT

This section provides detailed Input instructions and a discussion of
the various modeling rules and sign conventions used in the RSFORCE program.

2.1 Input Instructions

A1l input data is in free format input and default information is
contained in parenthesis. Input data need not be entered if default values
are aceptable,

Card Number e PARAMETER
= Fitle Card, with the “=" sign in Column |
100 Output Units, "BRITISH" or "METRIC" (BRITISH)
Input Units, "BRITISH* or "METRIC" (BRITISH)
200 Time Between Printouts, seconds (1.0)
Start Time, seconds (0.0)
Finish Time, seconds (1.0 x 10'2)
300 Ambient Pressure, psia or Pa (14.7 psia or 0,101 MPa)
400 Type of Printed Output:
Output contains problem definition and summary output
in addition to the following options:
"CHECK" -~ input check only, problem stops at the end of
input processing
“NONE" --no output at requested printout times
“FORCES"--Subforce and combined force output at
reqguested printout times
“ALL"--Subforce, combined force and volume force output
at requested printout times
(FORCES)
500 Max imum Number of Subforces Per Combined Force (5)




600

‘lll’ 620

640
700

XXX

2 XXX

Junction number of bends when both adjacent volumes are
horizontal (more than one junction number can be on a card)

Junction number of a special geometry, such as a relief
valve, with an orifice at the outlet but not at the inlet,
This geometry assumes the adjacent volumes are at angles to
each other., (More theas one junction number can be on a
card)

Same as the 620 card except the orifice is at the inlet
only, not the outlet.

Initial force zeroing
"NONZERO"-<Do not zero initial forces

Subforce input information for all geometries except an
open pipe (XXX is the subforce number)

Direction of subforce relative to the RELAPS model. A
positive number is in the direction of positive flow in the
RELAPS model and a negative number i5s in the direction of
negative flow in the RELAPS model.

Beginning control volume number of the subforce relative to
the RE[uﬁs model

Ending control volume number of the subforce relative to
The RELAPS model. If this control volume number is the
same as the beginning control volume number, either a zero
may be entered or the control volume number may be repeated.

Combined Force Number/Direction relative to subforce
direction., A positive number is in the direction of the
subferce and a negative number i in the opposite direction
of the subforce. Note that a combined fcrce number need
not be entered.

Subforce input information for an open pipe. Input
identical to card XXX,

2.2 Force Direction Conventiqgg

In order to be consistent with the basic equations solved in RS5FORCE,
the following conventions must be followed.

Ve

The RELAPS model must be developed in the direction of positive




48 The force direction must be colinear with the pipe axis, in any
direction,.

3. Systen component. which result in a frictional loss, such as
e'bows, must ve modeled by modifing the volume roughness rather
than by adding an energy loss coefficient at a junction.

4, Branch components in RELAPS cannot be included in the definition
of a subforce or a combined force.

|
|
2.3. Output
fhe RSFORCE program writes information to both an output file (which
is usually printed) and a disk or tape file (for structural input).
The output file contains an echo of all input data, information about
input data processing, and then force results at requested printout times.
This information is considered self-explanatory and will be shown in a
sample problem to be discussed later.

Two disk or tape files are currentl: written at every time step in the
following format:

(1) TIME, FORCE 1, FORCE 2, ...., FORCE N,
(2) TIME, PRESSURE 1, PRESSURE 2, ...., PRESSURE M,

where N is the total number of subforces and combined forces and M is the

total number of RELAPS hydrodynamic control volumes. The force file is

called TAPEI3. [In addition, a plotting file called OOSCRA is generated

which contains force versus time information in a Common Word Addressable

File (CWAF) formated data file. The last page of input processing (in the !
previously discussed output file) provides a description of the time/force

array. For reference purposes, the total number of time steps on the disk

or tape file i1s also written on the output file following the last time

step. Also written out is a summary of the maximum positive and negative

volume forces, subforces and combined forces.




3.

SAMPLE PROBLEM

A detailed semple problem is now presented to help users become
familiar with the use of the R5FORCE program,

The piping system geometry and fluid transient used for the sample
problem have been previously described in the main body of this report.
Figure ¥-1 .hows the piping system and includes a description of the
subforces and corbined forces to be computed. Figure F-2 is a RELAPS
nodalization diagram of this system showing the hydrodynamic control
volumes and junctions as well as each of the control volumes used for force
calculations. Note that in general, a force control volume is made up of
several hydrodynamic control volumes. A description of the required
RSFORCE input data for this sample problem is listed in Figure F-3.

Prior to performing any calculations the R5FORCE program provides an
echo of the input data (Figure F-3), and then processes this data. During
processing, the user is provided with a description of the RELAPS
hydrodynamic model, information on each of the component and combined

. forces, a description of the output format of the force file, the initial
forces in the system at time zero and the resultant zeroed forces at time
zero. Note that all later force values are in reference to the zeroed
force values. Appendix G contains a copy of this input processing
description for the sanple problem,

Figures F-4, F-5, and F-6 represent sample force results at times 0.1,
0.25, and 0.7 s, respectfully. At 0.1 s, the relief valve is completely
closed and the only significant unbalanced force (see the combined forces
in Figure F-4) occurs upstream of the relief valve which is undergoing
rapid pressurization. At 0.25 s the relief valve is in the process of
opening and there exists significant unbalanced forces at all points in the
system. At 0.7 s the flow is essentially at steady-state and the

unbalanced forces are small.
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Upon completion of the requested force calculations, the RSFORCE
program provides a summary identiTying the maximum positive and negative
forces encountered for each volume force, subforce and combined force
requested, including the time of the maximum force. Appendix H contains a
copy of this output for the sample prouvlem.
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APPENDIX H

SAMPLE PROBLEM OUTPUT SUMMARY
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