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Abstract

A simplified fast-running system code is developed to simulate loop transients such as pump
coastdown, lpop failures and natural circulation. Special emphasis is put on the numerical investi-
gation of the natural circulation system with multiloop. For this purpose, 5 governing equations
are derived, and they are discretized by the space-time integration technique. The developed
computer program is applied to three sample problems; transition from 2-loop to 1-loop operation,
transition from 1-loop to 2-loop operation, and the transient behavior with decay power in the

case of 2-loap operation.
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D : diameter or equivalent diameter
Nomenclature (FF) : friction force term
f : (Darcy or Moody) friction factor
. area g . gravitational acceleration
: buoyancy force term H : height
: specific heat H, :pump head
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h . heat transfer coefficient
K : hydraulic loss coefficient
k : thermal conductivity
L . length
N ! total number of loops
P : core thermal power
b . pressure
Q : volumetric flowrate
R . overall friction factor
r . radius
s : space variable
T . temperature
t ! time
U : overall heat transfer coefficient
u : velocity
[} : thermal expansion coeflicient
P . density
Subscripts
a : loop-A
b : loop-B
¢, ¢l cold leg
de  : downcomer
k, Rl : hot leg
i~ inlet or inner side
!  loop
Ip  lower plenum
Im  :log-mean
n,n+1: time steps
0 . outlet or outer side
r . core
s . heat exchanger
up  :upper plenum
v * vessel
1 * primary side
2 . secondary side

I. Introduction

When the primary pump is tripped in a
pressurized water reactor, the only mechanism
of core cooling is the natural circulation of the

primary coolant. Therefore, natural circulation

is one of the most important aspects in consider-
ation of nuclear reactor safety. Natural circu-
lation is the buoyancy-driven flow induced by
the density difference due to temperature varia-
tions along the loop.

There are several system codes to simulate
the transient behavior of the light water reac-
tors, but most of them are intended to obtain
highly detailed results and time-consuming. The
present work is a simplified numerical investiga-
tion of a single-phase natural circulation system
with 2-parallel once-through heat exchangers.
N-loop system is generally treated assuming that
(N-1) loops have the same behavior. If heat
loss into the atmosphere through the leg walls
is neglected, 5 governing equations for 5 un-
knowns can be derived from the laws of mo-
mentum and energy conservations.

These equations are discretized by using the
space-time integration techniques, and simplified
computer program to solve those discretized
governing equations is developed. Then sample
calculation is carried out to examine the perfor-
mance of the program. It should be said that
this work is intended to study the feasibility
of the experimental loop and the real-time
calculation of transients.

Although it leaves much room for improve-
ment, the program seems to be not bad in
simulation of the transient behavior of the
natural circulation system.

Some parts are not described in detail in this
article because they are presented already in
others. This article puts emphasis on the nu-
merical analysis.

I1. Theoretical Analysis

II. 1. System Simulation
Schematic diagram of the simulated system is
depicted in Fig. 1 as a block diagram. It con-
sists of core, hot and cold legs, 2 once-through
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Fig. 2| Several Notations

heat exchangers, downcomer, upper and lower
plenums, primary! pumps, and other connections.

Governing equations are derived to represent
N-loop system, oﬁe loop (A) of which behaves
unlike other (N-1) loops. With many assump-
tions, they are reduced to five nonlinear partial
differential equations. The important assump-
tions made in this study are as follows:

i) One-dimensiénal approach can represent
the system behavior appropriately.

ii) Boussinesq approximation is valid (single
phase).

iii) Pressure is sustained at atmospheric level.

iv) Heat loss into the atmosphere through

hot and cold leg walls is negligible.
v) Complete mixing is achieved at the ent-
rance of downcomer.
vi) Temperature distributions of the primary
coolant in core and heat exchangers are linear.
vii) All loops have the same geometry.
Other assumptions will be mentioned in subse-
quent sections whenever needed. Some notations
are shown in Fig. 2 for the convenience of
representation.
11.2. Derivation of the Governing Equations
11.2.1. Momentum equations
Momentum equation can be represented as
the pressure drop relation. Because the sum of
the pressure drops around any closed loop of
channels must be zero (Kirchhoff’s law), follow-
ing relationships can be written.
AP+ AP+ APy + APy + 4,

+AP;+APutt:0. (1)
AP+ AP+ APy + APy + Py,
+4P,+4P,,=0. @

And, pressure drop due to single-phase flow in
the tube with constant flow area can be written
as follows (ref. 3):

L d
2P=(5 )pr L R Lo
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Then following equation is obtained from eqs(1)
and (3).

(oo +(a)ord

+ 79oR»Q2 +g j( pdz—pogH, () =0. (5)

2 poRaQa

where

(D), w

(%), (6b)

R;=Rus+t Rus+ Rye (6¢)

R,=Ry+R;;+R, 4Ry, (6d)
Q—total flowrate

=Q:+ (N—-1Qs D

Buoyancy term can be represented as another
form by the following procedure.

gfode=g§ oo [ 1-8(T-T)) | e
=g § 0odz — Bgpy § Tdz--Bgpy Ty J; dz

= —pepo | Taz )
And

§ o Td2= f Tdz+ f Lo T
+fssz+ f”sz+ de'Ipsz

=3 (Tt TOL,+ T, | Ht L= (H,+ L) |

-%LS<T,,+ T..)
+ Tm: (HI —H_,) + Tc (I—Ir ‘_‘Hl)

=[la.-1) +H—H, | Tt (1148,

~H) T+ (H,»f%-Ls—-Hs)’ e (9

Here, the difference between T, and 7T,. should

be noted. For convenience sake, let

fep§ Tde—(BF),

then the pressure drop relations for loops A and

B become as follows:

(14 ) s Q. +< L ) p_‘LQA—MFF),,

A a
+ (FF),— (BF).—pgH,=0.  (10)

(4)p %+, % vcom,

+ (FF),— (BF),—pgH;=0.  (11)

where
(FF)o= RapQ} (128)
<FF>b~- Rip Q3 (12b)
(FF), ——fR w0 (12¢)
(BF),=pgof T (139)
(BF)y=fgpf T (135

In the above equations, p replaces the reference
density (po).

I1.2.2. Energy equations

Since heat loss through the cold and hot leg
walls is ignored, emergy equations should be
established for core and heat exchangers.

For the heated section (core),

oT P
bl o QG =] as

And for the heat exchangers,
oT T
PCAs“*ai" +PCQa‘*5;‘: —UrD (T—T,,)
(15)
0 ,
pcAs 'af +pCQb B —=—UnD,(T—T},)
(16)

In the above equations, U denotes the overall
heat transfer coeflicient of the heat exchanger.

Eqs (10), (11D, (14), (15) and (16) govern
the system behavior with the aid of state
equations. Continuity equation is already intro-
duced into above equations. For numerical
analysis above equations should be discretized

by using some appropriate techniques.
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III. Numerical Analysis

IIL. 1. Discretization of the Governing
Equations
III. 1. 1. Momentum Equations
Integrating eqs (10) and (11) with time, ¢,
from ¢, to £, léads to:

[Ca) ()] et (),

PIN=1Q4 41
Z(Tﬁ—)‘DQ"’"—*-
+ (FF )y ne1— (BF) g nt1— 8 Hpa w11 ] 4t
17)
(%) p0umt [ () + -0 (7), ]
PQb,n+1
() i (B [#e
+ (FF Y1 (BF o,uin—8Hyp, s | 4
(18)

() 2= [ FFapme

where
Q:=Qu, s+ (N—1)Qs,x a9
III. 1.2. Energy Equations
Energy equatibn for the heat exchanger of
loop-A can be discretized as follows:

Jlrafa

=—UnD,ZT] :

s [ ped G oo

L, 1ap
[ AT =T dst [ peQu(Tue— Tyt
- f T RULD,L AT, ndt

Because the temperature distribution in the
heated section is assumed to be linear,
PCA:< Th,n+1'j+ Tac,n+1 __ Th,n+ Tac,n )L,
2 2
+06Qu, n41{Tac,ns1— Th,s1) 4t
Z—”DSLS(UATIm)a,n+IAt
By rearranging above equation, following equa-

tion can be obtained.

[1—_%14‘_] Thmat | 14+ 2erndt ]

AL, AL
Tac,n+1
= Th,n + Tac,n “Z’ZD At (UATIM) a,n4+1 (20)
where
_ AT,—4T;

ATm= 14Ty 4Ty @D
AT1= Th_TZ'g (22&)
AT2: Tc—‘ Tz’,' (zzb)

For an once-through heat exchanger, U is given

by the following expression.

~1——+R,, + (T )+( )Ry,
+(—:;—)—10— (23)
where

hi, k, : heat transfer coefficients of inner and
outer sides

k : thermal conductivity of wall

Ry,i, Ry, : fouling factors
If T, is given, T, , can be obtained from the
heat balance equation.

(peQ) 1 (Th—Te) = (pcQ) 2 (T30 T2,)

Tyom D (T, T+ T 1)
By the similar procedure,

[l———»—zgjl’:l'zdt ] Tyt [l+2QAfI‘?.A—’t:I

The,nin

_27rD At

(UdTim)b,n1

(25)
Energy equation for the heated section(core) is

=Th,n+ Tbc,n

also discretized as follows:

oo fa [ 3T wa - £ ]

20,40t _20ult
[l+ AL ] Thynrt [1 AL, ]
&’&T . nal
n+1 et
+ [1_‘2%2144] ﬂ%%’,ﬂl_ Toe,nin
rdsy n+

2P, 4t
"—Tc n+Th n+ [M'AL (26)
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IIL 2. Numerical Scheme .::'_)
Eqgs (17), (18), (20), (25) and (26) constitute :F'_

5 discretized governing equations for 5 un- NPT G

INCLUDING THITIAL

knowns—Q,,Q;, T4, T.c and T;.. These equations
are nonlinear, so that direct matrix manipulation o ]
i ]

is impossible and iteration should be performed

at each time step.

Two-step procedure is taken in the iteration. { POETE Var &, T O - “’J
}

1 . 1

For each time step (n+1), Qi . and Q} .y [ P ———— _!

are to be found from eqs (17) and (18) using

n-time step values for other terms at first. Next [“f,?f’} T
Qi 1 and Q} .y are used to calculate T} . T

T,,lc’,,1H and T,}c,,,Jrl from eqs (20), (25) and o [ oo
TIHE
(26). Then they are used to obtain Q2 .11 and o
Q} .41 from eqs (17) and (18). And Q2 ., CS'M'
and Q%,n+l are used again to find T2,,’s. Fig. 3. Flow Chart for Iteration
This procedure should be repeated until con-
vergence appears, that is| (T4,u— Ti 1)/ Ti o o
? ’ Main Progrin
|<1, ete. Then Qf ,11, Qi ni1s Th wtrs Tic nirs (SamARS) s—\\ o
and T,fc,,m represent the (n--1) time step o {
values, and iteration begins for (#1+2) time step. ~ o
Above discussions are shown as a flow chart TIERKE
in Fig, 3. ]
III. 3. Computer Program ; \
Computer program, SIMFARS, is developed A N
to simulate the natural circulation phenomena cATeuL cnrcua
in a multiloop system. It consists of 1 main
program and 4 subprograms—ITERAT, TIME- T T
SU, CALCU] and CALCU2. Interconnections Fig. 4. Interconnections between Subprograms
Table 1. Brief Descriptions of Subprograms
Name ‘\‘ Functions
Main Program Input of various parameters including loop dimensions, initial conditions, etec.
(SIMFARS) Update time and call TIMESU, ITERAT.
Print of results
ITERAT Execute iteration at each time step and find Qa, Qs, Tac, Tse and Th.
TIMESU Input of various parameters varying with time only
—power, pump head, sccondary loop condition, etec.
CALCU 1 Calculate {riction and buoyancy term
—(FF)., (FF)s, (FF)., (BF), and (BF;)
CALCU 2 Calculate the heat transfer characteristics
"_‘(UATIm)a and (U ATIm)b-
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between these subprograms are shown in Fig, 4.
And Table I dé¢scribes the subprograms briefly.

Many fluid ptoperties varying with tempera-
ture are introduced as quadratic functions of

temperature into our program.
IV. Sample Calculations

In order to examine the performance of the
computer program, some sample problems are
treated. Because experiments have not been
carried out by the present author and it is
impossible to find appropriate data, only the
general trend ¢an be examined. Input data,
shown in Table 2, are based on the experimen-
tal system which is being fabricated by the
author.

Three examples are treated in this article:

i) Transition from 2-loop to I-loop operation.

ii) Transition from 1-loop to 2-loop operation.

iii) The tramjsient behavior with decay power

in the case of 2-loop operation.

Table 2. Input Parameters for Sample Calculations

Here, 1-loop operation means that the heat
exchanger of loop-A is disordered and lost its
cooling capability as a result.

Through the numerical experiments, it was
found out that suitable values of the time in-
terval, 4t lie between 0.3 and 1.0 second.
Attention should be paid in the selection of time
interval, and it is taken as 0.5 second in the
present calculations.

Computational results are shown in Figs.
5,6 and 7. Neglecting small oscillations in the
beginning of transients, which are believed to
be numerical oscillations, it seems that the
program simulate the general trend well. Com-
paring Fig. 6 with ref. 1 makes this conclusions
sure.

It can be said from Fig. 5 that, although 1
heat exchanger is disordered, considerable flow
still exists in that disordered loop and total
flowrate is almost the same as that of 2-loop
operation. But temperatures are higher in 1-loop

operation. Fig. 7 shows that both the core

Parameters

Input values

Loop dimensions

Ay 0. 00173m?

A 0. 000935

Ay 0. 00173

A, 0. 0439

Adc 0. 0230

A, ‘ 0. 0439

Aup 0. 0439

A, 0. 00337

Ly 2.80 ‘m

L. 1.70

L, 1.30

L, 0.26

L. 0.55

Ly 0.10

Lup i 0.30

H, 0.25

H, 0.10

H; 0.55

Input values

Parameters

Secondary flow

flowrate 1.0x 1072 m%/s

inlet temperature 130 °C
Others

Rom1t 10X 107

Riorm,» 2.6x10%

number of loops 2

fouling factors 1.0X10*m*-°C/W

Fower 2.0 kW
time interval 0.5 s
iteration limits
(error bound)
flowrate 1075
temperature 1078
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flowrate and temperatures are decreasing with

decreasing power. It takes about 90 seconds in

PRIME (~20 seconds in CYBER)

5000 second transient.

to simulate
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Fig. 6. Transient from 1-Loop to 2-Loop
Operation

Y. Discussion and Conclusions

Derivation and discussion of the governing
equations, computer program and sample calcu-
lations are treated in previous sections. This
work has some aspects to be improved although
it is not bad in the simulation of the general
behavior.

Some problems are as follows:

i) The program cannot describe the local
behavior in the case of highly unusual transi-
ents.

ii) There is no reliable method to describe
the heat transfer coefficient and friction factors
in the transition region from laminar to turbu-
lent flow.

iti) Flow in the vessel is not 1-dimensional.

iv) Complete mixing of the coolant does not
occur at the entrance of downcomer.

v) Reasonable modelling of the heat exchan-
ger and pressurizer are not contained.

Many other problems are involved, but most
of them can be ignored in return for fast run-

ning.

©

C
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Though above items may cause considerable
errors in the computational results, those errors
can be reduced by adequate modifications. And
because it is intended to develop a fast running
code, small errors are expected and permitted.

The assumption that the system is sustained
at atmospheric level was made to introduce the
various fluid properties as functions of tempera-
ture, and it dges not have a great effect on the
thermohydraulib behavior for the single-phase
flow. For the mpplication to PWR loss of flow
accident analysis, the pressurizer model should
be incorporated with this program. In that
case, various properties should be introduced as
functions of pressure and temperature through
the simple modification. And the more exper-
imental data are available, the more properly
this program can be improved.

SIMFARS can be used for several purposes.
Since it is not a detailed system code and fast-
running, it caﬁ be applied to the operational
transient analjsis as well as safety analysis for
the real-time computation. It is applicable to

low pressure, low power reactors such as exper-

imental reactors, LMFBRs and district heating
reactors, and also applicable to the loss of flow
accidents of various reactors with some modifi-
cations. It can be also said that the present
program is a good starting point for the ad-
vanced fast-running system code development.
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