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An increase in the unit size of nuclear reactor power stations
and marine propﬁlsion_installatigns necessarily implies an increase in *
the pressurizer volume. The dimensions of this vessel are such that a

n

procedurc for minimization of this volume is warranted. For heavy water
t thi will '
reactors 5 mean a smaller requlrement of heavy kater inventory,

The pressure transients produced in the system during the operation of
plant may cause unacceptable piping stresses and ;eriously affect the
reactivity. Hence the pressurizer is employed in the system for cuéhioniné
the volume trénsieﬁts and maintaining the coolant pressure‘within the K
prescfibed limits.
f’The purpose of this thesis i1s predicting pressure transients ;

é;‘a pressurizer during>pre5cribcd rates of levél changes. Included is
a2 documensed $360/CSMP program which {s baséd uponfthe theorvrical models
described in this thesis and ;an be used to predict pressure ‘transients
of any steam surge tank, ) ‘ . ‘ S

There aré_three distinct modes of sufges, namely, outsurge,
insurge and multi-surges,the latter being a combination of series™of
ipsurges arid outsurges.

( Experimental data obtained from numerous tests on actual surge
tank ‘for both outsurge'and'inéurge are included. Good agreement between
pressure_preditted by the previous investigatorstand the experiments
during the outsurge was obtained. It is-found that the isentropic model
for insurge is highly inappropriate and very good agreement between the

the experiments and predicted. pressure transients is obtained from the

present study. Theoretical analysis for the multiple surges 1s almost
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7.nonrexistent~in the known available literafure and an attempt is .made Po
study the multiple surges by S 360/CSMP.

The outsurge, insurge and multipie surge Fonsidefcd in .this
thesis are the basic cases and they can be extended to solve any qgher
surges or the coﬁbination of surées with a little modificatianm"Althopgh
‘the program is wriétcn for the partidular NPD (Nuclear‘Power Deronstration)
pressurizer, there will not be any difficﬁity in uginglit for any other
‘pressurizer of different geometry and dimensions.

Summarizing the resultsi it ma? be stated that the info;mation
presented here is believed to yield better insight in the differént
surge phenomc§3,'andfshould consequéﬁtly be of considerable assistance
. | . .

in develqpiqg a less conservative design procedure.

b
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1.1 General

Any clésed liquid system subject to change in temﬁeraturg and
hence volume must be protected agéin?t excéssive pressure variations:f
Oﬁe possible way of doing ié is an ‘open coﬂnection to a gas or vapor %illed'
cﬁamﬁer cépabie of‘cushioning the volume transients of the system. The
lower portioh.oflsuch chamber is filled with the‘liquid, while thel

i .

upper portion contains vapor or gas. The outer{surface of this tank iﬁ

insulated so és to minimize heat losses to the surroundings. Fig. 1,1

shows the priméry and the secondary coolingyg circuits of a closed.cycle
fiuclear power plant, using the pressurized water as the coolant. The :
primary coolant may be either heavy or light water, and gor the present o
study we use the hegvy wate; as a primary coolant.

i

Liguid is heated in the reactor core and flows through a steam

L .
generator, where | gteam is generated for the turbine system, and

the primary coolant returns to the reactor vessel through a circulation
pump. The primary éoolant temperature tends tq shift with the changing
turbine load, which.in turn degénds upon the various factors like load
factor etc. This temperature shift causes the volume transienésl The
chamber providing the required equnéion volume~i§J&i}£ed a pressdrizer
. because of 1its additional function of maintaining the coolant pressure
within the prescribed limits. .

Analysis are required for three distinct processes, the insurge, °

the outsurge, and the multiple surges.-

-

It is{izi;ent that the capability of predicting pressure transients
. - - ’

during insurge 1is a must if one has to make provisions for éssociated

~
! i .-
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\
increase in systen piping stresses and changes in reactivity. The
reactivity is affected by changes in coolant density. Hence large

rhanges in the coolant pressure can have very significant effects on the

rcactivity

'

Also the pressure prediction during an outsurge is essential
information so that the designer can make sure that the flashing of liquid

dees not occur in the system and the reactivity effects can be predicted

for the system. . .

w

Because of the considerable redugtion in the nuclear power cost,
it is a general practice to use the nuglear power plants as the base
load power plants. The multiple surges will occur when a nuclear power
plant experiences large fluctuatiqps in the power demand. This kind of
rapid sequence of several in-outsurge cygles may be expected from a ship
propulsion plant during manoevers. This essentially requires the means
to predict the pressure tr;psients during the multiple surges.

The conventional type of pressurizer is a seperate vessel
containing liquid and vapor..ln the steady state, the Qapor and all
part of th; liquid is maintained jn a saturation condition corresponding
to the steady state pressure. A number of heating ellements submerged in
the liquid portion of the pressurizer, supply sufficlent heat to counter-
balance the steady heat lossgs from the pressurizer wall to the surrounding
through the outer insulation. The vapor pressure and hence the system -
pressure can also be aaﬁusted to desired level for the steady state
operation by means of these heaters. ' »

During the steady state operation of a reactor plant the amount
of energy aupﬁlied by the reactor equals the amount of energy extracted

from the steam generator by the secondary system, so that the total energy

content cf the primary coolant and hence its volume remains constant. A

rirtre

£ Yivww, .
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decrease of té&bine load causes the rise in average tcmperature of the-
primary coolant and, consequently, an increase of its voldﬁe. Liquid
surges into the pressurizer and the vapor present. in it 1s compressaed.
"As a feSult,\thé pressgfe increases, but in o%der to'keep the ﬁressure
below the permissible limit, some of the vapor is condensed by spraying

~ B H '

relatively sub-cooled liquid into the pressurizer. This phenomenon i3 ’

termed as spray INSIRGE. /

An increase in turbine load results in a drop in the average

temperature of the primary coolant and a decrease in its volume. To make

extracted and a pressure op generally results. This phenomenon is termed

E up for this loss of vodume, some of the liquid from the pressurizer is -
E OTSWGE. Liquid surges out of the pressurizer and the pressure decreases,
t

causing some of the liquid in the pressurizer to flash into the vapor.

This effect, coupled with the vapor production resulting from the oy

switching on of extra heater elements limit the pressure fall. The pésasure

Tise upon the insurge can be readily controlled by spraying sub-cooled liquid

P
4

into the vapor phase, but the pressure drop upon the outsurge is far more

R S VI

5 T TR

difficult to control.
The surge tank thus serves a dual function. It provides a means -
to control the system pressure, as well as takes care of the liquid thermal

expansion, by admitting more liquid.

1.2 Current Trends in the PWR Developments

Once the light water reactors began to be accepted as conventional
power plants in the early sixties, a remarkably large number of pover
plants were ordered. Towards the end of 1970, more than 100 power plants

were either operating ,.or under construction or ordered in the Wited

States élone. Currently, unit rétings of more than 1000 Mega-watts are
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acceptable . The largest power plant. under construction in Europe 1is the

L : . : : _
" KERNKRAFTWERK BIBLIS " having a capacity of 1,150 Mega-watts.

Table 1.1 showus somg of the thErmodynamic parameters for a

large third generation powér plant, the'”Diablo-Canyon Plant". Special .

attention should be paid to the pressurfzer dimensions : the internal

volume is 5 cubic me}ers, dfareter 1s 2.3 meters and height as 13 meters °
A
welghing in the order of 40 tons. In other words, the pressurizer 1s seen

~ ko be a relatively large component typically in the order of one third

of the reactor vessel by volume. *

From a USAEC study, the aporoximate PﬁR capacity increase rate
can be taken to be 15000 Mega-watts per year on the average over the
perlod of 1976 to 1980. The capital cost can be generally set at the rage
of $240.00 per kilo-watt with a very liotle chance that(this value Yill"‘

decrease in the near future. Consequently, ‘the total sale volugp};or the

pressurized water reactors will amount to 2 sizeable figUfE of about
3.6 billion dollars per‘year: The pressurizer cost mayvbe assumed to be
0.5.% of the capital cost of the plant, thusiéquolling‘lB millioca dollars
per year. |

; During the early days of development, the attention of the
designors was primarily and understandably focussed on the reactor itself,
80 an oversized pressurizer always worked well.

A further reason for continued and increasing attention to the

pressurizer design and performance stems from the anticipated change 1in
the mode of operation of nuclear power plants. So far, theso plants’have

been designed for and operated in base load only. With the increasing

percentage of the nuclear power, it will be necessary for the

nuclear poweftplants to.operate on the two shift basis, requiring

M Al

special control concepts in order to ensure uniform fuel .burn up in the

.
.
3
p
Z
i
N



™
. . ' o =1.6-
‘ !
TABLE 1.1.
- DPFSIGN DATA FOR THE PWR PLANT LOCATED AT DIABLO CANYON )
: s
Thermal OQutput 3250 Mega-watts. ' !
Electrical Cutput 1060 Mega-watts. .
. . _ &
" Coolant Flow Rate 17000 Kg./Sec -
F Coolaqt Temp. (Inlet) 282° C“
Coolant Temp. (Outlet) 317° ¢ ‘_ | :ﬁ
Total Coolarmt Volume 351 cubic neters
Preséurizer Volume 51 cubie peters
Pressurizer Int. Diam* 2.3 meters ‘
‘ Reactor Vessel Diameter 4.4 neters 25
'Q
Primary Coolant Pressure 155 Bars
Secondary Steam Pressure 49.6 meters Y
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system.

»

1.3 Scope and Motivation of the Project ‘ -

Conclusions from the foregoing paragraphs may be summarized as

follows im order to describe the motivation of this p@&ject. For the land
based power plants, the large‘dimenSions of the pressurizer, vessel make it
worth while to search for a method to minimize the vessel volume. Whereas

in case of the naval plants, space and welight considerations make it

desirable to deéign the minimum pressurizer volumes. Manoeuvrability
4

am—

requirements for the ship will result in severe performance criteria for
the pressurizer in term;-of the pressure limits to be maintained upon

the consecutive in-and out-surges, Bgcauéc of the reduction in pressurizer
volume and the other dimensions, not only the fabrication cost will be
affected, but also the costs fof p;oviding the additional containment

space. A reduction in the pressurizer cost of 10 Z will mean the saving of

1.8 million dollars per year,

Frrter
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) CHAPYER 2 (\ . -~
SURVEY OF THE LITERATURE | | . G

2.1 General

. A number of theoretical models have been pfoposed for predict;ng
the pressure transients during insurge and oufsurge. Yet the important
flashing phenomencn assoéiated with the outsurgé and the condensation
phenomenon associated with the insurge is not adequately investigated. The
theoretical analysis and the experimental inf;rmation for.the nmultiple-

surges-1s almost non-existent d1in the available literature.

2.2 Steam Compression

When the vaqu-liquid interface rises due to an insurge of water
into the préssurizer, the vapor phase is naturally compressed. The initially
saturated steam becomes superheated . Initially, all the contents of the
pressurizer‘are at the saturation temperature corresponding to the steady
state pressure: Once the va?or "is compressed, heat transfer from the
;apor to the vessel wall starts. Vapor starts condensing on the  cooler
boundaries. i.e. the wall and the liquid. Condensate surface will neceésarily
follow the saturation temperature. Hence the temperature of the outside

- boundary of the vapor volume will also have the saturation temperature
corresponding.$o the pressure at any particular instant.

The conclusion 1is that the vapor‘phase.ié nonhomogeneous during
insurge and is composed af inner volume of the superheated vapor and a
surrounding volume of vapor with a temperature going to the saturation
temperature at the boundary. The thickness of this 'Bodﬁdary Layer'
depends uéon the thermal diffusivity of vapor and is generally smzll.Hence

i

in most of the cases, 1t is, thereforé, allowable to approximate thir.

. ,  m

B 27010

[}

3 lavea, .




=2.2-

i
c'nonhomogeneous vapor volume by a homogencous one.

-

All the prgvious investigators agree éE'one point that the isentropic
. | :
% model for the insurge is highly inappropriate and the pressure predicted

on the basis of this model 1is excessively high comparéL to those measured

during experiments. This discrepency is related to the fact that an additional

amount of energy from the steam will be removed due to the heat transfer : .
from the vapor to the pressurizer wall,'which is at a relatively low
temperature. T -

Drucker and Tong(l) conducted a series of expefiments on a low
pressure laboratory model of a surge tank and tried to obtain a mathema-
tical correlation between the level and pressure. They used a step by

'

step time increment ‘and conducted the eﬁefgy balance at the end of each
time ingrement; The heat flow from the vapor is calculated from an
empiric;l relati;n and heat sink constant for thé vessel walls and liquid,
which was obtained experimentally |

hrucker and Gorman (2) described an iterative procedure for the
pressure prediction which was similar to thé described by Drucker and Tong
(1), except ‘that no empirical constants were reqiored. Good agreement
between the experimental and predicted values was cbtained, but it was
far outside the pressure range encounfered in the general practical
applications. Gupta and Gorman (3) egtended the work of Drucker and Gbrman
for higher and practical pressure.ranges. Excellent agreement was obtainedr
between the experimental}and analytical pressure prediction.

van den Honert (4) described the results of éxperiments carried
out on a 1 cubic meter water steam pressurizer at 125 atm. and studied

the effects of outsurge, insurge, electrical heating, and use of a spray

injection system.

N FT.VIINE

Cibivwg .
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Kendall (5) used the continuity aﬁd,gﬂergy approach and studied
the surges of a surge tank in the Gentilly Reactor Power Plant. Moeck ( 6)
.. continued his work and studied both the insurgé and outsurge. However, the

adiabatic model dascribed by him for the fﬁsurge leads to somewhat high.

1
(ﬁressure prediction.

2.3 Steam Expansion

In the event, that the liquid surges out of the p?essurizer, the
vapor volu;é increases. and expansioﬁ fakés place. The saturation temperature
drops with the pressure , but the phases remain in thermodynamic
équillihrium. Condensation process, if present, stops and the evaporation
of'initially saturated liquid starts. Very little work has been done on the
pressure transients during outsurge,_

van den Honert (4 ) has described a comﬁlex model involving the
sub—-cooling 6f the vapor. A relatively'simpler model has been utilized by
Gorman (7) to predict the pressure transients during an outsurge from an -
actual reactor surge tank at the usual operating pressures and the known
surge rates. He has clearly demonstrated the inadequacy of the closed
isentropic expansion model.

Guﬁta and GOFman (3) havé used the 'stepped open system' for the
pressure prediction . In their words,” The oﬁtaurge is considered to be
. brokeu up into small increments, each increment corresponding to a drop in
tank level, The system consisting of the initial tank content {s considefed
to undergo a. closed isentropic expansion assoclated with the first incremept
drop in the level. A solution for the pressure at the end of this expansion
is obtained. Now the mnew system consisting of the liquid and vapo; in the-
tank.is crosidered at the begining of tﬁe second increment. Again this
system 1s considered to unde??f a closed isentropic exﬁansion and a solution

N ' @

TEpsrs -

B RV T

e




 for the pressure at the end of expansion is}obtained This analytical .

J

:'procedure is repeated until the pressure askocilated with the -entire level

- history during ‘outsurge is obtained." Good ggreement between the experimental

" and the analyticaly predicted values 1s obtained.

Moeck (6 ) used the same energy-and continuity equations and

obtained an expression relating the pressure and level history. Very good

agreement between the experimental pressure history and predicted pressure
-~

e

‘ history was bbserved.

<
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' CHAPTER 3 '
? FORMULATION OF THE PROBLEMS
" N o . ’
3.1 Pure Dutsurge. -

As a result of the outsurge, the pressure drops, which in turn .

cauges -flashing of liquid in the pressurizer., But it is reasonable

" to assume that the outsurge process is adiabatic one. This 1s because of

the fact that the-wall of the pressurizer vessel will be completely dry and
the heat will enter tﬁ“\v?por phase through the sensible heat transfer only
Because of this relatively poor mechan¥gm. of heat transfer and the short
duration of outsurge process, its effect is completely neglected afld the

process is assumed to be adiabatic.
k]

Starting with the continuity and the. energy equetions the outsurge
model for a steam drum, a general case of pressurizer is developed The
\

analysis given below is‘gggg;ly similar to that given in Ref.6.

oFirpes s

Thé comservation of mass for “the system i{llustrated in Fig. 3.1 is:-
4 Moy u‘&) S WL EW - W W (3.1.1)
dt W | - fd gd 7 "2
The ene¥gy equation for the system ig:- \\—////
d d "
= =. - W
dt (Mw hsaw * Ms psas) B Vsaw Mw * Vsas Ms )+( wfd 7 )haaw
5 .
+ ( ng- wz ) hsas. (3.1.2)

Where the changes in kinetie and the potential energies_ﬁre assumed to be

negligiﬁly small. The drum’ volume equation 1eade;;1/="*-

o

T d_ (v : “ (3.1.3)

The equatipns presented above constitute a general dynamic model
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of a steam drum. Those can be adopted to the special case of pressurizer /r
having:- =~ .
\} W, #£ 0 d W, =W =u wl‘wf‘—- = 4 v
7 FE TgdT NgaT M= == 0 G.Le
By rearranging Eq#. @.1.D to B.1.4, the relationship between the liquid
level history drop in a surge tank and the‘corfeSponding Vapor pressure
. '
drop can be obtained as follows.
P _ 1
3_1: 1 % (3-1.5)
= (FL a +V, F24TF1 L
b d ‘ . -
where Fl and F2 are the complicated fqnctioﬁs of vapar and.the liquid . :
properties and are given by :- . _ ‘
- h g . ':.
F1 = Vaas d sas _ dhsaﬁ] 1 + 1 dvsas
= > ‘ =
Jo | Vaaw d dP‘ hsas hsaw Vaas dp !
F2 =:'dhsas - vsas-' 1 -.1 dvsas .
Ldp + J | h - h v dP v
7 ; sas saw sas , t :
This special case investigated in this study and the behavior v .
predicted by Eq.(3.1.5)can be checked againest the experimental data 'E E
' <

available from the NPD pressurizer, the only source of ekperimental results,

-

L

3.2 - Pure Insurge

When an insurge to the” pressurizer occurs, the vapor temperature
- 1

ult,
¥

the saturation temperature increases and the vapor condenses on the cooler

.and pressure (therefore the~sy§tem pressure) begin to rise. As a res

boundary surfaces and heat is transferred to the vessel wall and the liquid °

present in the pressurizer. It is assumed that the whole tank and its contents

are initially at a uniform saturation temperature corresponding to the

initial vapor pressure and that the terperature of the intqﬁing liquid does
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not affect the ‘Process, 1.e. no significant mixing occurs. It is shown by -
Cupta (8) that the helt transfer between the phases 1s negligibly
~ small because of the relatively low thermal diffusivity of the liquid

- L
and tank geometry, and hence is completely neglected.

The surge tank which-contains both vapor and liquid, 1s considered
as an open thermodynamic system. The solution for insurge employes the Lo
concept of conservation of énergy and mass as suggested by Kendall (5)

and later applied by Moeck (6). The .analysis presented here follows in

part the work done by Moeck (6). ! ‘

Equations of cohtjnuit§ for the vapor and the liquid phases are:-

d g
ac M, = Wey = W7 (3.2.1) e«

gy Woo- W (3.2.2)

dt s = "gg “ ¥y -2.

Energy equations for both the phases are:-

' d(Mw hsuw) . Hw vsuw dP ¢+ wfd h =~ - W7 h (3.2.3) :

dt oz J de saw s fo
:'L

dM_ h ) )

B sug’ _ 8§ _5us dP ¢+ W d hsas - Wz hsus
de . 7 J dt &
+ 49
T ' (3.2.4)

Starting with these four equations, the general Equation describing the
\

relationship between the drum pressure and the liquid level history was

dgrived. Similar te the previous pure outsurge case, a special case of

Pressurizer was considered by setting:-

W7 # 0 and wfd=wgd=wl=w2=w3=w = 0 (3..2.5)

The final form of the iﬁsurge equation becomes:-

A
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v .
1 oA - dp . dL sus | dQ (3.2.6)
pg Vg-2a-bPL)gp=b3 ¢ (ah ) dt
us /P
or in a more workable form:- (
4 PKbBL + PR (v /on ), (Ye/do) - |
dt = = (3.2.7)

(va -a-bl)

" The complete derivation of this equation is given in Appendix 1. The heat

transfer to the wall is considered to be negative.

3.2.1 Heat Transfer to the Pressurizer ﬁall |

" The inner surface of the vessel wall in contact with the vapor

] is assumed to follow the vapor saturation temperature history at all times S
| during the insurge.

The'heat 1s transfered from the superheated steam to the vessel
wall and the liquid in the pressurizer. However, as shown by Gupta (8) due
to the low thermal diffusivity of the liquid, the heat from the vaéor will
penetrate a short distance below the liquid—vapqrqinterface, so that the
heat transferred from the Qﬁﬁbf to the liquid 1s comparably negligible~ mkf
Hence for all p;actical purposes, the heat flow to- the liquid could be |

' neglected for the geometrieé and pressures in the range under study here. ;

The expression for the rate of the heat transfer from the system to the

‘wall is shown as follows. The complete derivation of this expression is

i given in Appendix 2. ) ' ’
A
. w -a_t t ati
dQ - 2K n (dA n
T e % - Aay [el o + A
n=0 0
where a _ (2n ¢ 1)21$ a - R
%= (3.2.8)
4 8t )
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However, the above expression is difficult to use in the S$360/CSMP for
the reasons.mentioned below.

1) The exponential arguement increases with t;me; and since the
computer cannot handle the e#ponential argueménts beyoﬁd + or - 173, the
expression cannot be used for longer-insurges, and in practice the insurge
nrocess 1s longer.;Similarly, as it 13 a summation of Infinite terms, it
has to be truncated after ,some number of finite terms, and it 15 seen that

because of the computer limitations no more than the first five terms can

be included.

2) Further difficulty arises due to the fact that multiplication_ .
of a very large number and a very small number makes & problem inherently
unstable in nature. In Eq.(3.2.8) a multiplication involves a very small

-a t . atk
number,e , and a very large intgrl ,}; o ¢(Z).

However, incorporating first five terms, with a very small step

size for integration and for a shorf, insurge, the above expression was used

~
to calculate the heat transfer rate. The pressure predicted by using this
expression for heat transfer rate, 1s in fairly good agreement with the é z
expé?t$ents. G

L o
7 JIn order to deal with the more general case, an attempt has been
8

made to obtain the heat transfer rate by solving the Fouriers differential
eqﬁation for one dimensional, transient heat conduction by S$360/CSMP. The

details of it are given in Appendix 3.

3.3 Multiple Surges

These are she cembination of insurges and outsurges of the
: r
pressurizer. During multiple surges, an accurate knowledge of

the outsurge process is very important, relative to other processe .,
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| because outsurge limits the power plant manoeuvrability and thus mainly )
} determines the dimensions of the pressurizer vessel. This is of acute
importance when the several consecutive insurge-cutsurge cvecles are to be

accorodated within the teolerated circuit préssure limit,

3.3.1 Case 1, Outsurge Followed by Insurge . 2

This 1is a combination of one outsurge and one insurge, in which

expansion of vapor 1is followed by compression.

3.3.1.1 Vapor Expansion

'During the outgurge, there 1s always a thermodynamic equilibriuml

between the phases. Both the vapor and the liquid remain in saturated
condition during the entire outsurge. and there is no subcooling of the
vapor. This necessarily means that t the end of the outsurge the same
thermodynamic eﬁuilibrium will exist and both the vapor and liquid will

be in saturated condition.

During the outsurge, there is no condensation of the vapor and

heat .transfer between the vapor and wall is merely the sensible heat transfer

Crerr
[ TR VI

; | which is quite insignificant as shown by the otPer ;nvestigators and heﬁce
is negle;ted. Since there 1s no heat transfer from the wall, the wall will
remain at the uniform temperature, which 1s equal to the initial steady
state wall temperature. |

.'The discussion in the forégoing paragraphs reveals that the first
half part of the cycle,ﬁi.e. the outsurge can be considered as a pure
outsurge and the relationship between the 1iqu£d level history and the -
corresponding vapor press;re drop can be expressed by the same Eq.(3.1.5)

From this the pressure drop during the first half cycle for any level

history can be predicted.
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}- the vessel is at a higher but uniform temperature than the system at start

, o S —3.9-

13.3.1.2  Vapor Compression

Expansion of the vapor is followed by the compression. At the

jstart of the insurge, i.e. at thé end of the outsurge, as mentioned above,

{.there 18 a thermodynamic equillibrium between the phases. But the wall of

4

{ and is equal to the initial steady state temperature. Hence this compression

' resembles the pure insurge case except that the heat transfer from the

' vapor to the vessel wall will only start after the vapor reaches the wall

temperature. After this point the vapor condensation on the cooler boundaries

will start and before this, the wall, being at a higher temperature than

: ... the vapor, will naturally be dry, and there will be very little sensible

heat transfer from the wall to the vapor because of the temperature différence.
Thus the insurge is komposed of two types, the first being the

'simple adiabatic compression till the start of condensation and the

second being‘the pure insurge 1 volving_superheated steam, subcooled liquid

and the cooler vessel wall. Therefore the sameiEq.(B.Z.?) can be dsed to

'

describe the latter process.

3.3.2 Case 2, Insurge Followed by Outsurge

This is a combination of one insurge and one outsurge, in an

exact reverse order to the previous case.

3.3.2.1 Vapor Compression .

In this case, the vapor compression is exactly similar to the

pure iInsurge. The analysis warrants keeping'ﬁfack of the degree of superheat

of the vapor during this process, hence an attempt to compute the temperature

of the superheated vapor is made at every instant by using the charagteristic

gas equation with the concept of modifie ! characteristic gas constant.

[

R 7705008
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PV = MR@,T) T ‘ (3.3.1)

‘A8 t?f/vapor does_not behave as a perfect gas in the ‘region of interest,
the assumption R as constant can lead to serious error in the temperéture '
predictions. The same method and the éxpréssion as given in Jadwani's work

3y . " ) -
(11)are used to compute the modified characteristic gas constant R, as '

follows.
1 5 7t f
R = R+~—rc(ﬂ 3.3.2 ,
o} T n=1 B T . 3.3.2) '

Where for the pressure range from 600 to 1000psi, and the degree of super-

5 .
heat from 0 to 50°F, the values of constants as derived by Jadwani(tll)'are:-

c, = - 192.6099 ‘

C, = =-3097.1170

C, = 3961.1560

¢, =. 5729.5350

C5 = -B628.5430

R = 81847790 1

Volume of the vapor at any particular instant can be very easily calculated :

as:~ Volume of vapor = Volume of vesgsel - Volume of the liquiq present.
Since .tﬁe amount of vapor condensed during the insurge is very small, it
is fairly accurate to assume Fhat the level change of the liquid because
of the addition of the condensate is negligible. Hence,

Volume of vapor = Vd -a-bL(t) _ .

The mass of vapor is comstantly changing because of the condensation on

the wall. The rate of condensation can be found out as follows(8).

-4 - T - ) - . M
= AKA(T LT (b ) _c (3.3.3)

dt.

1
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Where K 1s the sensible heat transfer coefficient between the vapor and the

pressurizér wall. The value of K will be critical only if the degree of

' superheat attained by the vapor is significant. The heat transfer coefficient,

I . )
K, for the steady state free convection (12) canm be expressed as

c Kf o
K=———— (G Pr )
L
where Kf =z vapor conductivity
L = length of the rectangular wall

|

Gy = Grashoff number’

Ppr = Prandtl number
And C and m are the constaﬁts whose values depend upon the nature of the
system. By using K = 0.25 Btu/hr ft2 sec °F, Gupta (8) has shown that the
sensible heat transfe; is negligible. As the éegree of superheat attained
by the vapor is not more than 10°F » the sensible heat transfer during the

compression can be neglected,'and the Eq.(3.33 f reduces to:-

Q _ 4 -on oy ¥ (3.3.4)

- saw’ ——
dt sas at . B

Thus from the Eq.(3:3.4) , by integrating that expression with respect to

time, the value of Mc, the mass of condensate can be found out, and then
Mass of vapor = Origlnal mass of vapor - Mass of condensaée.

Bnce all the other parameters in Eq. (3.3.1) , that is, pressure, mass

of the vapor, and the volume of the vapor are known, the only unknown in

the expression is temperature. So solving Eq. (3.3.1), the value of T fet

can be computed.

3.3.2.2 Vapor Expansion,

At the end of the insurge, at point b in Fig. 3.3, the licuid is

subcooled and the vapor is superheated and the pressurizer vessel w:ll

-y .

[ SR VITIYS
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LEVEL —a=

e

= TIME =3
FIG.33 LEVEL HISTORY FOR CASE 2, ‘
INSURGE FOLLOWED BY OQUTSURGE

tend to become saturated, but, naturally, vapor and liquid do not reach the

saturaion condition at the same Instant. It was observed that,, the vapor

reaches the saturation condition before the liquid and hence this outsurge
can be devided into three stages.
1) Outsurge during which the vapor is superheated and the liquid

. 1s subcooled, corresponding to the region be as shown in Fig,3,3-

riprre -
S X FIY"N

2) Ou;sqrge during which the vapor is saturated and the liquid

is still subcooled, corresponding to region cd in Fig.3.3, |

3) Outsurge during which both the liquid and the vapor are in

saturated condition corresponding to the region de in Fig.3.3.
For the fitst stage of the outsurge, starting with the same equations of
continuity and energy, for the superheated vapor and the éubcooled liquid,

the expression relating the pressure transients and the level history can

¢
P
.

be derived. This case resembles the reverse pure insurge & so the same Eq.(3.2.7)

can be used to describe the process with a slight modification in the heat

transfer mechaniam.

As the pressurizer wall follows the saturation temperature history,

)\
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X and as the vapor is superheated, the wall is at a lower temperatur® than
the vapor and vapor is bound to condense on the cooler boundartes of the
system for some period, until, the wall temperature reaches the vapor

temperatﬁrc. During this part of the ocutsurge, the.hedfhtfansfer due to

‘the condensation of the vapor continues from the system to the wall, until, P

the rate of heat transfer becomes zero. B owS

<

Part of the condensate formed during tﬁe entire process is amassed
on the pressurizer wall and the femaining part drains out and mixes with
the main 1liquid volume. The condensate adhering to the wall gets evaporated*/’-:;>
during the subsequent outsurge process. As the pressure of the system |
decreases, the condensate which 1s at thg saturation temperature evaﬁorates

and mixes with the vapor volume. If the mass of the liquid evaporated during

2N

the outsurge is significant, it plays an important role in controlling the

drop of pressure. Hence the thickness of the condensate deposit on the

pressurizer wall must be tomputed. . . ' /7ﬁ\\
_ : \
For further understanding of the above mgntioned condensation :
phenomenon, the average heat transfer coefficient k ave and the condensate r 5
_; C

: layer thickness d are required. These can be derived?from the Nusselt

equation A9) which is valid for the laminar flow. caused by the condensation

of pure vapor on a vertical surface of a given height.

0.25
- v, (v.=-v_) h3 g
4 ' 'L L 'S

0.94
Lwoy o,

cave

qwall = kcave ATC

k
cave




\ s
\ : | S -3.14- ?
/ = . .
| Tvg (v -v yg 70 s
‘ L L g )
L Wil J -
where h = Coefficient of thermal conductivity . |
_ g = -Constant of gfavity b

H = Height of the wall
A = Dynamic viscocity _ r
[ = Mass £low rate per unit width ‘ 7

In the above expression, the quantity ' is unknown and is difficult to

. .
determine without any experimental knowledge, hence the two extreme cases ~~
of condensate formation can be considered. .

1) All the condensate formed during the process 1s drained and mixed £

with the main Watgr volume and the instant at which the condensation

N

stops, the wall of the pressurizer is completely dry and having no

condensate deposit.

3

2) All the condensate formed during the process is on the wall in

the form of a thin fi1lm and no cgndensate is mixed with the main

waterlvolume and as the wall follows the saturation temperature I

SR YIS

history, all the condensate on the pressurizer wall is at the
saturation temperjture- correspondifig to the pressure at any

particular instant.
When the mass of the condensate formed during the entire process
=
was, computed, it was found that the total mass of condensate is less than 1.5%

of the total mass of the vapor in the pressurizer. This negligibly small

mass of the condensate does not affect the pressure and temperature of the .

' éystem significantly. By using experimental informatien Honert (9) has

calculated the average thickness of the condensate film as 27 wicro meter.
Furthermore, this thin film of the deposit dries out very rapidly during

the subsequent process. Heat required for the evaporation of t’is deposited
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film does not come frdm the pressurizer wall and hence the energy required

for the evaporation is simply an internal heat transfer as in case of pure
outsurge. ;
™

The discussion in tha foregoing paragraphs. shows that, after the
N _
condensation is stopped, there is no heat transfer to or from the pressuriter
wail. Hence during the second and the third ‘stage of outsurge, the heat

1]

content of the wall remains constant,

It was observed duri the simﬁlation that theﬂdegreéxof subcooling
of the liquid, when the vapor/became saturated, was very small. Moreover, for
the same pressure , change in\the specific enthalpy of -the saturated liquig
due to 5° F of subcooling is less than 3 % » and the change in specific volum
is ;ess than 2X. Hence it is fairly correct approximation to assume that the
liquid 1is in saturated condition when the vapor reaches the saturated
condition. Thus the second stage of the outsurge was-eliminate&\kﬂa“'
thermodynamic equillibrium in both liquid ‘and va;or phases\was assunmed.

The third stage of the outsurge involves the phases having

-

thermodynamic equillibrium and resembles to the pure outsurge case, which o

can be described by the same Eq.(3.1.5).

3.3.3. Extension to Case 2

2
Case 2, described in the previous section can be extended for

)
the surge combination as illustrated in Fig. 3. 4 There the region abcde

remains same as in case 2.From point e onwards, upto f the. pure outsurge 1s

continued,during which the temperature distribution inside the wall is

tenstantly evolving and tends eo reach. equillibrium, -

At point f the vapor temperature is less than the inner tamperature

of the pretsurizer wall, so condensation is abscent during first fow

seconds of this insurge. Since there is no condensation this corresponds to
.

‘ !

[CETIT
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A  pure adiaba‘tic compréésion. The vapor tempe'rature reacl{es the wall
. . 7 . .

Lo

temperature at some point, which is.denoted in Fig.3.4 as g. From this S
: . . w3z
point onwards the condensation and hehbe‘the.heat transfer starts. The
procéas gh resembles the pure insurge case. /
- o " . . ;
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CHAPTER 4.

COMPUTATIONAL TECHNIQUES

At this stage, the complete formulation of the problems, based
upon the models described in the previocus chapters, is accomplished.

s -

Before proceeding to obtain the actual solution cf the problem, it is

necessary to study the different computing facilities and techniques
available and proper selection can thus be made. At present, three types
of computing facilitles are available. ,;”

1) Analog computer .

2) Digital computer - { :

3) Hybrid computer, the Fombination of the first tﬁo.
As the analog computer normally has'limitpd-capécity-an agic devices,

the digital or hybrid computer 'is more suitable for the present simulation.

4.1 Hybrid Computer

Basically, it consists of an snalog computér which can simulate

through el@ctronic circuits an analogous real life dynamif system. In the
total hybrid computer &ystem, separate analog.and. gital computer: ;iﬁh
the apptopriaée interface hardware are incorporatedfso that the information
can be excﬁanged between the tw. parts. Thus the tdo sections operate in

unison, Hybrid computer 1is one of the best tools fo} the continuous simulatiod

]

of the dynamic systems.

. An attempt was made to simulate the prassurizer surges o

problem, the other toclof simui{

4

3§éon, the digital computer was soug

o

i
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4.2, Digital.Computef»

.Given a mathematical model, it i; sometimes possible to derive_
the information about the system by analytic means. Where,this is not
possible, it is necessary to use the numerical computing methods for solving

the equations Ry making use of a digital computer. A rich variety of

numerical compu;ing'methOQS have been developed for solving the equations
‘ .

* of the mathematical rodels.

The digital computer contains simple discrete logical and
arithmetic operations that can be executed in the proper sequence to
solqs the equations. Five basic components are employed in it.
1) The Input Unit - which is used to supply the necessary data
to the computer. .
2) The Memory Unit- in which data and the instructiﬁns given to
it are stored.
3) The Arithmetic Unit - which performs the necessaryrarithmetic
operations and provide the diciéoﬁ making
;bility. /
4) The Control Uéiﬁ - which controls the computer operations.
5)° The Output Unit'— which prowides and controls the output.
- In the case.of dynamlic mathematical models, those that allow the
. . :

changes of the system attributes to be derived as a function of time, a

particular technique that has come to be identified as a system simulation

15 one in which all the equations of the model are solved simultaneously

with steadily increasing value of the time.
In general, Fhe computing languages can be grouped into three main

LN
catageories, namely,

1) Machine qr assembly languvages,

-

Tivw,

a7




2) Procedural languages,

3) Problem oriented languages. -
_ Al

For writing \the program in machine or assembly language, the problem must

be broken into a sequence of simple tasks that the; hardware of the computer

can perform. This makes the programming unnecessorily tedious although

it 1s only at this level the full power and flexibility of the computer

can be exercised.

Procedural languages, Fortran, PL/1 etc. allow the user
to define a computational procedure in a form which resemhleé the equivalent
statement of the procedure of the problem. Good knowledge of the numerical
methods 1s necessary for programming the continuous simulation problems
in these procedural languages.

On the other hand, the problem oriented languages are designed in
such a fashion that the computer handles the complications which are
unrelated to the problem. They allow a continuous system simulation problem
to be programmed on a digital computer in essentially the same way as is
solved on an analeog computer. They maintain the same geﬁeral fechniquea
developed to solve the problems with the analog.computers, but in doing so
the& overcome the disadvantages of‘the analog computers. The user nust
"preferably const;;Lt a functional block diagram 1n‘which eaci ele;ént is a
specific operator. The language essentially consists of a collection of the

predefined procedures which are called into the computer. For using these

procedures, the information must be fed into thewcomputer in a prescribed™

format. Some of the problem oriented languages are tabulated in the Table 4.1.

Problem oriented languages offer the user a greater freedom in

scribing a system. They make use of a Fortran like statement language,

-allowing the problem to be programmed directly from the equations of a

-

SRRV IT T
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TABLE 4.1

EXAMPLES OF THE PROBLEM-ORIENTED LANGBAGES

Name of the language . Area of application
1. CSMP - Modeling continuous dynamic
(Continuous System systems .
Modeling Program)
‘ 3
2. GPSS 3 Modeding discrete dynamic
{ General Purpose systems
System Simulator ) ) ’
3. ICES Modeling of various types
( Integrated Civil of Civil Engineering design
Engineering Systems ) situations
4. ASKA . Modeling structueral dynamics
( Automatic.System For
Kinematic Analysis )
5. APT ‘ Preparation of the data for
( Automatically numerically controlled
Programmed Tools ) machine tools
6. ADAM . File management and information
(A Generalised Data retrieval

Management System )

b,
- \ 4 .




-digital machines. The program provides an application oriented language

TR PR

~4.5-

mathematical model or the block diagram of the problem, rather than.the

equations to be breken inte the functional elements. Alongwith the integratic:z, -
addition etc. they include a variéty of algeabraic and 1égiéa1 expressions

to discribe the relations between the variasles. They, thgreéore,'extend the

range of continuous system simulation by removiqg the orientation towards

the differential equations which characterize the analog method. Thus an

attempt has been made to hide the digital computer;s true nature of being

a discrete sequential dev;ce. One particular, that will be briefiy described

here is the $360/CSMP ( Continuous System Modeling Program) also referred

as IBM 360/CSMP.

4,2.1 S360/CSMP . it

; !
" The S360/CSMP is a problem oriented language designed to facilitate
PE ‘

Y
the digital -sinulation of the continuous systems on the large scale

that dllows these problems to be prepared directly and simply from either
a block diagram rcpresehtation or a set of the ordinary differential equations.

The feature of S360/CSMP permite the user to concentrate upon the phenomencn -

Criinn, .

being sirulated, rather than the mechanism for implementing the simulation.

The program includes a basic set of functional blecks with which
the'compoﬁents of a continucus system may be represented, and accepts
application oriented statements for def%ning the connection bet;een these
functional blocks. It also accepﬁivyost of the Fortran statements, allowing

the user to readilyrhandle non-linear and time-varient problems of consider—

. -~ 7
able coéﬁlexity. Input and output are simplified by means of user-oriented ‘}L

control statements. A fixed format is provided for printing (tabular format)'
and printulotting (graphic format) at selected increments of the independant

variable.

—

/'/‘
S
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It provides a.basic set of 34 functional blocks, plus the means
for'the user to define functions specially suited to his particular
simulation requirements. This complement 1s augmented byﬂthé Fortfan lib?ary
functions, aﬁd furthermore, special functions can be defined either through
Fortran programming, or more simpiy, through a :acro capabllity thaF permits

individual existing functions to be combined into & larger functional block.

The user 1is thereby given a ﬁjgh degree of freedom and flexibility for

different problem areas.

4.2.2 Economic Evalution of S5360/CSMP . !

Cost of operation for the different simulation techniques is » -
considerably varied. Although none of those simulation techniques can be

explicitly said to be the cheapest, an idea about the cost can be drawn

from the studies made by Chubb (15) . He performed the economic study of
various continuous simulation techniques”for the two problems.

1) A five lbop fifth order non-linear dynamic system for

control purpose. ' <
N . o

Oyt

2) Seat ejection system with the fourth order dynamic equations
and a coordinate transformation.
The comparison for the cost v/s the number.of runs and the time required
for the simulation v/s number of runs for the problem 1 is showm ianig.ﬁ.l.
The present problem consists of the snlution of a set of diffgrential_
equations as in the first prob%eﬁ mentioned above.
' The cost andiysia is based upon the data as mentioned below. "

Cost of the labor $ 18 per hour.

Cost of IBM 360/65 Digital Comp. $ 200 per hour. / \

Coit of AD 256 Analog Computer. $ 18 per haur.

Cost of EAI 680 Hybrid Computer. $ 80 per hour.

Using this deta for the cost estimation, the experi?iita for the
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\

above two problems of simulation were carried out-and_the conclusions of the
study can be summarized as follows.
1) For the first Solution of the problem Fortran requires a long
\ time, while S$360/CSMP' greatly reduces these, whereas hybrid computer
falls.between,these twa, | | l
2) For the dynamic simulation, Fortran cannot be recomrended
because'éf the cost sonsideration.
3) Time tequired to generate the number of solutions for number
of runs is remarkably less for the hybrid computer as compared to
Fortran and S360/CSMP. Ig can be easily inferred froﬁ the Fig.4.1,
that the time required for the hybrid computer solution, for any

k]
number of runs 1s almost constant.

From the foregoing paragraphs it is e;ident that S360/CSMP is the least

expensive tool for the dyﬁamic simulation, when only few runs are required,

while hybrid computer is advantagepus when a large number of runs are requlred,
The present simulation requires‘oﬁly very few runs, and hence the

selection of S360/CSHP as the tool for simulation. is also Justified on the

economlc grounds.




4.3 Computing Procedures

All the cases described in«the previous chapters were programmed
and the pressure histories were predicted by executing the computer programs
on an IBM 360/65 computer. Although the simulacion is done for the NPD
pressurizer, the theoretical models can be used -to describe. the surges of
any othen pressurizer of different geometrical dimensions and shape The

\

RKS method, the variable step slze fourth order Runge—Kutta methad of

that the errot is less than or equal to 0.0001, whereas the error estirmation
is performed by using the Simpson rule. -

All the vapor and liguid properties were caleculated based upon the
heavy water., In this study the same simple polynomials approximated by Moeck
(6) for the various saturation properties of the heavy water as a funetion of
saturation pressure'were used Those polynomials, either linear or quadratic
expressions, are valid over the pressure range from 35 bars to 75 bars and

are summarized below, where in &ll cases,

Ot

P= Pressure in bars -

V= Specific volume in GC/gram

h= Specific enthalpy in J/gram ~
h = 747 + 9.85 P - 0.034 p>
saw
(maximum error 0.127 ) )
h = 2790 + 0.898 p - 0.0162 Pz
sas

( maximum error 0.027 ) .

h_-h = 10°
sas saw 476 + 2,68 p
( maximum error 0Q.207 )
v 1.12 » 3.30 1073 p
gaw =

( maximum error 0.087 )
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vsas—vsaw =  2100/p - 3.97
(maximum error 0.437)
v = 2080/P - 2.46 )
_ sas :
(maximum error 0.407)
dh
saw _ | 0.241 4]
5 = [. P + 6.17 10 hsaw
(maxinum error 0.257)
sas - | 0.196 ~4 =S J '
Tl [ P 2.35 10 - 1.26 10 P ( hsas - hsaw )
{maximum error 1.537)
avsuq E | -5 _2 Vsas T Voaw
ah . © (2:32 -0.0106 P + 5.26 1070 p% TS
sus sas saw

(ﬁaximum error 0,957)

The last expression for the superheated steam i{s valid for the degree of

" superheat from OQC to 25°C.

4.3.1 Pure Outsurge

The simulation of the PUTe outsurge case was made first to test
the S360/CSMP as a tool for the simulafion and subseqﬁently the other cases
were simulated. Two experimental Epns(Runs A2 and A3) were used for thig
siwulation.. B

The level function generation from the experimental data of the
level and time of the NPD pfegsurizer was performed by uging the special
non-linear function generation capability ( viz. NLFGEN ) of CSMP. Since
there is no abrupt deviatien in the experimental data, non-linear function
. Beneration is more accurate than the linear function,ﬁeneration, and hence
selected, h

Derivative of the level history with respect to time was required
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for the simulation, which was computed by using the derivative package of
\
CSMP ( viz. DERIV (IC,L) ), For using thig function, the value of dL/dt at

time equal to zero was required which was calculated by forming a small

difference table at the start of the level history
The step size of the integration for the start of the computation

plot capability‘of the CSMP was used for

was specified as 0.001. The print
The

dglaining the graphical representation of the pressure predictions.

computer program and the printplot results for Run AZ'arg-given in Appendix 4.

~

4.3.2 Pure Insurge

» the level history and the derivative of the level

In this case
~
hion as mentioned

history with respect to time 1s obtained in the similar fas

in pure outsurge case,
, all the priliminary

In the initial Gegament of the program
computations of pressurizer volute, cross sectional area, thermal diffusivity |

also contains the geometrical dimensions of the

etc. are performed. It

initial conditions -constants and other data iaput For the

pressurieer
parﬁicular run,

The area eeposed to the vapor is always changing and is a function
Saturation éemperature

of time and hence is calculated in the dynamic segament.
as a function of the saturation.pressure is calculated as follows. First, a
straight line was fitted by the least squares method fe? the temperdature and

pressure velu;s for which the data is taken from Elliot (16).For the pressure

range from 55 bar to 75 bars, the saturation temperature as a function of
saturation pressure can be expressed as follows
- 535 ) 1.920852 + 976.416

Tsas = ( Poag

“where T ig in radiang.
Heat -transfer rate is found out by using the method of solution

’

_///

Thaa..,

1
4

-




of Fourier's differential'equation of heat conduction. It has been found that
the "12 nodal points were sufficient: to yield stable and accurate solution, \\ _
hence " twelve nodal points were chosen thereby yielding twelwve ordinary
simultaneous differential equations, which were solved to get the .temperature
distribution history in the wall. The resulting temperature histories were
integrated by Simpsons rule to obtain the heat content and finally, the rate

of heat transfer was obtained by a numerical differentiation . procedure, fhe

details of this procedure are ootlined in Appendix 3. N

Since no data are available for the heavy water vapor in the super-
' heated region in the raoge of interest, the superheated properties of the
heavy water vapor are approximated by using the light water properties. The
term (Bvsuslahsus)Piis calculated by using the expression given by Moeck(6).
The va}ue of K, the isentropic expansion coefficlent is taken as 1.26 ag
suggested by Moeck.

The pressure predicted by using the. adiabatic model, i.e. by
neglecting the heat transfer to the pressurizer wall, i$ computed in the
same program for the sake of‘comparison under the heading of " Pressure - g?
Prediction neglecting heat transfer ",

The computer program and printplot results for a typical run,i.e.
Run § are given in Appendix 5. |

4.3.3 Multiple Surges

These are the combinations of“the previous basic surge processes.

Ty

Their combination is attained in the Dynamic segment with the help of

various logical signals.

Bla bt oo

4.3.3.1 Case 1, Outsurge Followed by Insurge | 7- O

The level history for this particular run was assumed to be

sinusoidal. The 1nitial steady state level of 61 inches and the maximum

level change of 20 “tnches in 60 seconds ‘was considered and the level history

-
-
- - - < v



as L‘::Li - ( Li-Lf ) sin (7t/220) was assumed. . )

"
Referring to Fig.3.2, a% discussed earlier, the process 3 to b 1s

Simply a pure outsurge for which the Eq.(3.1.5) is used for the pressure -

prediction. Process b to. ¢ is the adiabatic compressidn of vapor which ig

N
\_'

described ‘by Eq (3.2.7) with the term dQ/dt equal to zero. Implementation
of changing outsurge to insurge in the program i.e. change from Eq.(3.1. S)
to Eq. (3 2.7) at” point b, when the rate of level change changes from negative
to positive is triggered by logical function switches.
Process ¢ to d is Ehe pure inurge, during'wh;;h the heat is being

transferred from the system to the wall. Heat:trgnsfer from the wall starrs
from the point when the Vapor temperature goes higher than the wall temperature. -
(Point c). For finding out the point ¢, 1t is necesdary to compute the vapor
temperature at gbery instant during the process, which is attained by using
Eq.(3.3.1). Itrc;n be noted that the only one unknown‘fn the expression 15 T,
temperature, which can be computed by an.itcracipn'method. The Newton-Raphson
method of iteration was employed’ for this purpoée. Once the vapor temperature

s computed, it is compared with the wall temperature at every iﬁstant,.and R
heat transfer to.the wall starts when the-vapor temperature reaches the wall

temperature. This condition is implemented in the program by means of the

logicaI’*function switching capabillty of CSMH.

-

4.3.3.1.1 Newton~Raphson Methgd

Let F(T) = y b Yo

Differentiating this expression with reSpeét to T,
5 -
. Pv I c_ (1) p" 7 (02D
F'(T) - n=1

RZ

Lo
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,hig.Appendix 6)
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&

Newton~Raphson iteretion'funetion is defined as,

o(T) = T - F(T)/F"‘m_ . .

[
K

In order to. commence the iterations, an initial estinate of T 1is required

0

This is readily obtained by using the equation of state for an ideal gas as,

~

PV =MRT
where R = B5.8/144 /

and then the process of iteration is carried out until,

[er) -1 | L2

which gave satisfactory results within the accuracy of * 2° R. Thus

the VElue of ambient temperature was computed.

This computation of vapor temperature is coptained in the computer
program under NOSORT sectdon. Different kinds of logical branching and
extensive use of Fortran statements are made/i//this section. The parameter
KEYHET is used to start the computation of heat transfer to the wall at point

¢. The two parameters, KEYIN and KEYOUT changes thei” values when the rate , T//

(;—_:'l FAN T

af level changes the sign and control the correct use of the equation far L
describing the process.
Thus for the fixed ingtialjand final level and the sinusoidal
13

level change, the pressure history was found out. The CSMP program and the

printplot\results for this case of simulation of NPD pressurizer are given

4.3.3.2 Cage 2, Insurge followed by Outsurge C o

Similar to the previous case, the sinusoidal level change was
assumed for this run. Referring to Fig.3. 3, the process ak is the pure ihsurge

which is described by Eq.(3.2.7). Process bc 1s the outsurge for which’, as

describeg'in Chapter 3, the Eq.(3.2.7) is continued. Point c, is the POiQC

A




T

rr ° ) B . -" ) . ) V.f-4.15_‘

at which the vapor becomes égkutated and the degree of superheat becomes
zero. For finding out the point ¢, #r {g necessary to compute the vapor

temperature, which is performed by the same method described in the previous

case. The two parameters KEYIN and KEYOUT change their values when the

vapor becomes saturated and control the use of proper equation for describing

the process. As soon as the vapor becomes saturated (point c),the pure outsurge

\

expression is employed Thus the process cde which is pure outsurge ig

described by the Eq.(3.1.5).

The CSMP program and the computer printplot results for this case

are included in Appendix 7.

R q
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RS CHAPTER 5
S

RESULTS AND DISCUSSION -

¢ 3

5.1 Pure Outsurgé

Two experimental Tuns,{.e. Run A2 and A3 were used to check

analytical model of the pure outsurge. The comparison between the predicted

oo .
pressure andthe.experiments for both the runs of YPD pressurizer 1s made

in Figs. 5.2 and 5.3 respectiﬁely. A good agreement between the predicted

I

pressure Behavior and the experiments is obtained for almost the- entire o

outsurge. Tt can be seen that the predicted pressures are slightly lower

than the expprimental near the end of the outsurge. This can be‘Fxplained

—

by noting that no account for the heat {inflow from the\%gnk wall is made in 4

~the analysis., The effect of infl?w would be much more sfénificant 1f the
ohtsurge had to occur over a longer period of the ci%e. But as this outsurge J
i1s for a shorter period, this account of heat flow 1s not wﬁrranted.
There is a slight anamoly in the experimental data of Run Ag. The fl
pressure curve tends to flatten out more quickly at the e?d than would be
cxpected by studying the level time curve. Without these anamolies the
discrepenéies would have been less. ‘

It 1s noted, that the computational techniqueé'described in the

-~

previous chapter are highly appropriate for the prediction of{putsurge.
pressure behavior for the system and pressure range of the type encountered

in the NPD surge tank.

N : P
5.2 Pure Insurge

. The total six experimental runs, 1.e. Run} 2-7(13) werc used.te check
theoretical analysis of insurge. The comparison for a typical tun i.e. Run 6 is

presented in the Fig, ‘5.4-. Alongwith the experimental and predicted pressures- \ -

* i
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the figure ﬁlso contains the pressure behavior predicted by using the |
adiabatic lmodel. It can be easily seen that the éssumption of adiabatic
compression would lead to extremély large errors for the insurges of
magnifudes under Investigation. The reason for poor predictions; based

upen the adiabatic model as the codpfession proceeds, is becausé of the
fact that there 1is an incfeasing temperature gradieét in the walls building.
up 1n the early pért of the compression. The predictions based upon the
adinbatic model for these insufges are so poor thag they are not presented
for the further NPD pressurizer insurge tests reported here.

From Fig. 5.4 it is also obviocus that a very good agreemegt
between the predicted pressures and the experiments 1e obtained.

In order to gain some confidence in the S360/CSMP approach, a
comparison was made between the present results and those of the iterative
- approach obtained by Gupta and Gorman (3). Both the approaches yield almost
ldentical predictions,

.Two of the tests discussed here (Euﬂ;3 and 4) were conducted
wvhile the electric heating ellements inithe liquid phase, each of 15 KW
capacity, were turned on. It 1is easily inferred from the Figs. 5.6 and 5.7
that those heaters would have no appreciable effect on this compreséion
processes. | |

Some mare expgrime;tal results are compared with the predicted
pressures in figs. 5.5, 5.8 and 5.9 for the Runs 7, 2, and 5 respectively.
It is observed that there is a good agreement for most of these insurges.
The stuay oﬁ the experimental lewvel and preséure curve reveals that there
are small anamolies in the experimentai data of Runs 3 and &. Without these

anamolies the discrepancies between the- experimental and predicted values

would have been less.
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~
It is _noted that near the end of the insurpge, the predicted ﬂfy
pressures are slightly higher than the ekperimental values. There are two ‘ \\/’”

factors in particular which tend to explain this behavior of the vapor.
First the tank 1s considered in the calculations to be perfectly insulated
~§hereas in the actual experimental tests, some heat 1s certain‘to be lost
through the outer ‘insulation. Secondly, in the calculations, the heat flo&
axially down the vessel wali is completely neglected, because the wall 1is
cansidered te be a semi-infinite solid. It is inevitable that near the end
cf the compression, when the temperaturé of the vapor is relatively high,
there is b;und to exlst a temperature gradientﬁdowﬁ the wall and some of
the heat will be certainly lost in this manner. Both these conditions will
~ centribute towards a small discrepancy near.the.end of the insurge, but as
the discrepancy is small, the incorporation of these effects into the
ﬂﬁ:rkﬁggal)sis is not warranted. The pressure prediction, which is on a higher

side, leads to the safer design criteria.

5.3 Multiple Surges

-

\ The results for the cutsurge follewed by insurge and the insurge Vo

follow;d By the outsurgé are given in Figs. 5.10 and 5.11 reSpectivgly.
Since there 1s no experimental data available for the‘comparison, it is not
possible to verify the validity of the analytical model presented in this
lithesis, quadtitatively.However, some fqualitative comments can be made.
Firstly, the predicted pressure history obvicusly follows the level history

trend, as is expected. Secondly, the mulcipie surges consist of pure insurge

and pure outsurge, which have been dealt sucéessfully’before, with some

L

¢

modification, it is believed that the present multiple surge models should
yield reasonably correct pressure prediction.

From the experiments it is evident that starting from the same
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initial steady state pressure, the drop of pressure during the cutsurge,

for a certain fixed level history, and level drop, is far lesser than the

rise in pressure during the insurge for the same amount of level rige in
the same time. This 1is probably because of the fact that, during insurge,

large amount of work {s done on the system for forcing the liquid in the

pressurizer under a very high working pressure, whereas the outsurge

e

process 1s entifely‘a waste process. This work is supplied to the system is
partially responsible for this pressure rise during the insurge.

Exactly the similar trend is observed in both the cases of

multiple surges. In Case 1, for the same amount of level change during

both the outsurge and insurge, at the end of the cycle, the pressure of the

system is higher than the initial pressure of the cycle. Similarly in
Case 2, at the end of complete cycle, the system pressure is much higher

than the initial pressure.
i

-

Combinations of Cases 1 and 2 alongwith pure insurge and pure

outsurge cases can be used to describe other complicated multiple surgds

r

with proper modificationg,
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5.4 Discussion and Conclusions

1t is evident that £hc theoretical models and the comp;tatiénal
procedures presented in this thesis provide a very powerful means‘for
predicting the|performaﬁce of the.surge tanks of a.nuclear power plant,
during the surges of the li§uid.‘Although the experimental datq have been
verified for the limited range, the included compufer programmes can be
used for the analysis over a wide range of pressures.

Though the computer programme has been written for the vertical
cylindrical tank with the hemispherical domes, there would not be any

difficulty in introducing the modificaticns to handle any particular
peometry of the pressurizer. .

The work could be extended by carrying out the éérieé of
experiments on éither an actual surge tank or a model surge tank, and
producing the %%gurate experimental date £or the multiplé surges for
the purpose of v;rification of the validity of the theorétical analysis. It
is reazonable to ekpect that a good agreement would pe obtained‘betwqu
the predicted pressure higtory and the experiments, provided the accurate
eyperimental data are axailable for this purpose. A piiot project of
constructing a small-surge tank has been initiated at the University
of Ottawa"and the information and the experience gainedfrom it will be used

constructing a lérger and' more sophisticated surge tank of the size

forf

encLuntered in the practice, so that, the experimental studies can be
continued on\the various aspects of the problem;. Thc‘experimqntal study

‘ impaltant both ; 1 and for better:
is very impoftant both* for checking the analytical model and for be .

understancing of certain phenomena occuring in the surge tank which

"

are almost  Impossible to invéstigate v the theoretical models. Specifically

inspray and condensation phenomena during insurge and subsequent evarorstion
v . .




I
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during case 1 of mult}pie surge can only be fully understood by experiments.

The work could also pe extended by considering the effect of insﬁray
of subcooled liquid droplets through a nozzle in the vapor region. This
type of a fine spray 1s often used to decrease the pressuré rise .during
the 1ntsurge. However,‘there would not be any difficulty in making the
appropriate modifications in the analysis.

Another area of interest which does not appear to have been explored
by the investiéators, involves the liquid insurge and outs;rge to the systenm
where the vapor contains the non-condensible géses. This problem may becorme
of more¢ Interest to nuclear designers if non-condensible gases are used

extensively 1In the system.

5




L

REFERRENCES

Drucker, E.E., and Tong, K.N., " Behavior of a Steam Pressurizer

Surge Tank ", Trans. Am. Nucl. Soc., Vol. 5, 1962,
Drucker,E.E. and Gorman, D.J., " A Method of Predicting Steam Surge

Tank Transients Based on One-Dimensional(ﬁg;t Sinks ", Nuclear

Sc¢ience and Engineeripg, Vol. 21, 473—486: 1965.

Gupta, R.K. and Gorman, D.J., " The Analy;is and Computation of
Steam Surge Tank Pressure Transients ", presented at International
Conference on Pressure Surges, Canterbury, England, l§521'

Honert, A.v.d., " Pressurizer Dynamics, Part II, Responce to Load

v

Transients ", Paper presented atxihe sympoéium on the dynamics of

two phase flow, Eindenoven, The NeEherlands, 1967.

Kendall, J.D., D. Robinson and L. Magagna, " Simulation éf Gentilly
Reactor for Control System Design ", BLW-25Q Note No.69, AECL Sheridan
Park, Ontario, April 1967. | '

Moeck, E.O., " ABLW Stesm Drum Dynamics ", AECL, Chalk Piver,

Ontario, April 1971. . N
Gorman, D.J., " Steam Surge Tank Transients During Outsurgé“?,
ASME_69-WA/NE-14.

Gupta, R.K., "The Analysis and quzgtation of Steam Surge Tank

Dynamics for Light and Heavy Water ‘ts}ems", Master's Thesis,

Department of Méchanical Engineering, University of Ottawa, August 1972.

Hopert, A.v.d., " Pressurizer Dynamics Response to Load Transients ", ~

. . i
Reactor Centrum Netherland Technical Report-112, December 1969.

. .
Gorman, D.J., " Pressure Behavior in Pressurized Steam Surge Tanks ",

1

T o . ‘
Master's Thesls, Department of Mechanical and Aerospace Engineering,

Syrécuée University, June 1962.°




11.

.'12.
13.
14.
15.

16.

17,

18.

19.

20

21.

-at Kingston, Ontarlo, March 1972.

- , -6.2-

P

Jadwani, N.S., " Analytical Studies and Programing of the Properties
/ ' .

of Light Water ", Master's Thesis, Department of Mechanical Engr.

University of é%tawa, August 1971.

Holman, J.P., " Heat Transfer ", 2nd Editién, MeGraw-Hill Book

Company, New York, 195, 1968.

Shah, R.R., " NPD Surge Tank Insurge Experiments ', CRNL-582, AECL,

Chalk River, Ontario, February 1971.

Carslaw, H.S. and Jaeger, J.C., " Conduction of Heat in Solids ",

Second Edition, Oxford University Press, 1959.
Chubb, B.A., " Economic Evalution of the CSMP digital Simulation
Language ", Simulation, Vol.l4, 101-103, 1970. .

Elliott, J.N., " Tables of the Thermodynamic/f;;;crties.of Heavy
/

", Atomic Energy of Canada Limited, Chalk River, Ontario,

Water
AECL-1673, Jﬁnuary 1963,

Serdulla, A., " Properties of Light Water and Steam from 1967 ASME
Steam Tables,as Computer Subroutines iu APEX-IV and Fortran-1IV ",
CRNL-362, Atomic Energy of Canada Limited; Chalk River, Ontarlo,
August 1969. .
Ellement, C., " Study of Steam Surge Tank Transiegts by a Hybrid {\

\ . !
Computer ", presented at American Nuclear Society Student Conference

! %

t, “ .
IFC, " The 1967 IFC Formulation for the Industrial Use ", February 1967.

Coemans, T., " Polynomial Representation of the Thermodynamic

Properties of Saturated Water and Steam Between 10 and 180 Bar ",

Nuclear Engineering and Design, Vol. 16, 179-192, 1971.

EAL, " Simulation of the Primary Loop of th  Nuclear Power Flant

with a Small General Purpose Analog Computer ' Application Study

e .

13.4:2a, Electronics Corporation Inc., 1964.




22,

23,

24,

25.

<,  -6.3-

~a

EAI Handbook of Analog Computation, Publication No.00.800.0001-3,

Electronics Assodlatesnlnc., U. S. A., December 1969.

IBM Users Marual, "System/360 Continuous System Modeling Program",

Application Program No. 360-A-C¥~16 X, Nér York, International

Business Machines Inc. April 1972.
Jackob, M., "Heat Transfer", Vol. 1, Wiley, October 1964.

Fox, L. and Mayer, D.F., "Computing Methods For Scientists and

Engineers"”, Oxford University Press, 1968.

S




-Al.1-

APPENDIX 1 .

~

DERIVATION OF THE PURE INSURGE - . - L\~

During the insurge, the liquid and the vapor phases will no longer
be 1n thermodyramic equillibrium and vapor will be superheated and the liquid

subcooled. The boundary constraints for our system ( refer Fig. 3.1) are as

ment ioned below.

d s' w

vV — v M .
S — sus s

v _ v M

W - Suw W

Va9 d (v M v M) o= 0 (A.D

T = 4t SUW W sus 8§ ,f .

Equatioﬁ of continuity and the equation of energy for the two

sepcrate phases are

. dt

M= Wy - Wo | ‘ (-A.Z)
Mo - (A.3) a
N _“2 ]
T h!
g—(Mw hsuw) M v ‘ . ‘
de = _w suww dB wfd hsnw - w? hs\lw (A.4)
J dt :
L3
d ™M h ) M v
£ - W d . 4.5
af ° Sus = s sus dP ng hsas 2 hsus + 99 (A.5)

dt

where the kinetic and the potential energies were assumed to be negligibly small.
The liquid and the vapor properties can be expressed in several ways; the most

convenient of which are
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<%
<

Vo = Veuw Ch_ ) and V.- _suw h {4.6)

Ygus Vs (P "h )

and ’ vaus ,;( )‘h ( s) dhsus : Q.7)
. P dt . ) . 1

From -Eq. (A.2) and qu.'(A.l;) y we-get,

{f

dh v '
suw _ suw dP fd :
It = I dc + —-——w ( h aw -~'r_18 ) : EA.B)
5

From .Eq.(A.3) and 'Eq.(A.5}; we, get,

dBus _ 'sus dP —.W_gd (i‘; h + 1-- dQ @*.9)
de ' J dt "M 5US sas) M dc

LN
The 'Eqs_(a.l)’(A.B) and (A.6 )can be combined into the form

M dv Y dh
w suw

dh dt
auw

+ MB (av ﬁs)
JP h dt

Rearranging Eq.(A.8), (A&.9) and .(A.10) as balow,

S +vsuw(wfd_w7') + Vsus (ng —w2)

] 0 : .(A.lo)‘

Dh

dh us - Vsus _d_?_ - ..wgd (h ~h )+ 1 49..
dt J dt M sus 589 M dt
gy _ Vsuw g_g_ = wfd (hsaw— ’-suw
dt J dt :
| v R
- f
/
MS avsus dhsus+ > dvsuw dhsuw + Mé aVs’.us dr _ -V aw (wfd - w7) /
ah__ dt : b dt 53 dt 5
sus suw ‘ .
. ' Vsus (wgd - W)

From the above expressions an a§ay was formed as shown below and the equations

wefe gsolved for dP/dt
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Ane
q d€\g YP . d mamxm g %
Bns ANE H
Am=m>mv H AP H Amsm>mu
r /f(J
8ne . _ " I
r
AnS ' _ I 0
ARE. d ens
yp yg\®
g2 .ens P3 ANS " v H
nmznv M) A= ( Ly-Piy ) A= 3:m>v W ﬂmsmbﬂ
P R Bus, _ens., F R
w1 T 1 PY, - 0 1
. P\
#ang  nmes H
" - W Py, + 1 0
U
o

o
o

=4
o
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Thus - - - -
' LA § Vauw. (W7 wfd) + Vaus (-WZ wgd) + wgd (haus hsl‘ié) avzauus
dt D }
gh
sus
' . dv v
-W,., (n -h ) suw - _ sus dQ (A.1D)
 fd saw suw ih TR 'dt}
suw sus
were 3 sus sus avsus ' sSuw dvsuw ' )
DzMBh J +H93P . J Mw dh A
sus suw

The equations presented above constitute a dynamic model of the steam drum
. ST

as shown in the figure 3.1.It is desirable ﬁo ct}eck them againest the

experimental data. Hence the equations can be adapted for the NPD pressurizer

by setting 1
Wfd::.ngf-' Wl¢W2=W3:W6 =0
Thus the Eq. (A.11) .reduces .to,
av -
dP _ 1 [v W, - dg sus (A.12
dt D suw 7 dt dh } / '
- sus
and D remains the same.
However, Eq.(A.2) glves, -~
W7= - de
dt
snd substiguting this into Eq:(A.12) y,ield’s, :
ap = 1 ['—rvsuw ™, _ Vous gg} (A.13)
dt D de Bhsus dt
Eq.(A.8) gives,
Do Vsuw dp (A.14)
det J dc

Substituting this value imto. Ea.(A.6) we have,

(}i 2

suw _suw ap e .
dh_ J dt o .

N

vl
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Now
dv - dM dv
___E. -~ sz__‘i_t HW sSuw
dt dt "~ dt
H
S
dt dh_ W dt de
® . D M av dh\ - |
T = -l-ﬁT - W BUW - Suw : (A.16)
suw : v dh dt ‘
suw suw

Substituting £q.(A.14) into Eq.(A.16), w2 get,

d-Mw = 1 de dvsuw 1 dp

3 5 a3 "W T at 4.17)
f\ suw

: substituting Eq.(A.17) into Eq.(A.13}, yields,

: Dde _ v 1 de _ M'dvsuw 1 dp
, dt sSUwW v dt w dh J dt
5Uuw Ssuw
avsus) gg
gh dt
sus _P
- _ de + Vo 2 dvsuw dpP aVsus dQ  ys
T de W 7T dh dt ah dt -
\" sus P
J:lencej/
N
i d
(MS BVsus 5US 4 Hs(avsus) suw M vsuu) dP
dh dt
< ahsus‘P aR h J suw
- de + M Vau suw dP avs;us) 4Q
dt dhsuw .dt a.hsus P dt
BV i
{.e M aVsus Vsus + sUS dP LA sus| dq@ = 0
8 _—
ah J oP h Jdt dt sh at
ug' P us/ P .

.




Using the various identities Moeck ( 6) has shown that»

av ' v ) : 1
sus . Sus 4 susg 1 - _5F
ah.'ms P J ap h— 'sus T
Also vV - a+bL
w -
V.-V = a+bl
d s
VB - Va - a8 - b L
M = Vd - a-blL
8 3 o
v
sus
de _ b dL
dt de -

Substitv_ti},t

or in a more workable form,

1

P K

{

he above equations into Eq.(A.18) we get,

\_j

(Vvy-a-bL)dp

av
dL Sus
& TP *(ah )
) sus'P

= o
PRbAL 4 PK(a"sus) dg
dt dh dt
sus P
(g -a-pl)
} 4
/
.
]
‘ -\

\ , ~

7

dq
dt

T =Al.6-

(A.19)
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_ RATE OF BEAT TRANSFER TO THE VESSEL WALL DURING INSURGE
4 \’ . .
For computing the rate of heat transfer to the pressurizer wall,

the temperature distribution inside the wall should be calculated first. The

‘ | S
;following assumpsions are made In this respect.

-

1) The inner surface of the wall follows the saturation

+

temperature history.
2) ‘Heat content in the wall at time equal to'zerp 1s zero. As
the initial temperature distribution in the wall is uniform, it

N ) ‘
{s convinient to assume this as the datum for finding cut the”

M

" total amount of heat transferred.

.
b3

-3) At the start of the insurge, all the contents of the tank ——

are at the uniform sdturation-temperature corresponding to the
initial pressure of the system.

4)' The pressurizer hasjthe gerfeét thgrﬁal insulatfcen on the
outer éurche, so ,that th® heat trgnsfer to the atmosphere from

the outer surface of the wall is completely. abscent.
~

S) For the pressurizer under investigation, thickness to diam—
. ) . S o

eter ratio 1s less than' 0.1 and hence is'assumed as the flat plate.

-
~ A

; - 6) Tank 1is considered as the infinite platg in the two‘directipns‘

having thiéknpss £, so that the heat transfer to the wall is
. e N = B . oo~ .
uni—dircctiqfal. ' : oo ’ . ~ : )

v . I

~ 7) The tempefatuné of.theiincomingfliquid does not affect the

;o . :
. process, that is no significant mixing of the surging liquid and
Pl ' PR : #
« B . ‘. , ’/,J o ) . ) ';f .
! o the main liquid volume occurs. ' ‘//f*

oy

— - ' e
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The temperature distribution inside the pressurizer wall can therefore be

obiained from Carslaw and Jaeger (14) as follows.

“~ b
. ‘ 2 2 2 : .
. o  —a(2ntl) 7w t/4 L : |
o = % : e t1) 7 ¢/ cop (20D T
0= - Kz
: n t 4(2n+1)2 “? C/élz
v Qo Ta (1 [ S $(z) dg
' T 0 o
e T (A.2.1)
| (2041) 2 o ' {ato E 2.1y vield
Substituting, — 7 = 8 nto Eq. (A.2.1), ylelds
4 1
, ©  Tat /E;x o, tarl
u = ¢ I e cos Yo a (-1) df e ¢(g) dg
n=0 ey :

(A.2.2)
’Hea;‘conient iu‘the wall at any time t is given by the expression
as followg
L

0[ (adx) C, u P

Q

Since the diameter to thihkness ratio of the vessel wali is very high, we

-~

- . -

can assume that the area expdséd to the vapor remains constant with respect
to x, the length coordinate, but is the function of t only~
In order to permit the calculations of the heat content of the

wall at any time, we have to ;alculaté the following integral.

% L © ~a_t . Vax . .
: n
({ u_ dx =_0f- %’-“ ZO e n' <os -7-—2 Yaa (1)

' ‘ﬁ .a '
Xof e ¢(g) dz .
™ ‘

i
X
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2 ; e—ant- 2 ( l)n y *n ¢ | ? . n
= 7 - a - ' :
7 0 ‘o a ] 0{ e $(g) dg S cos —r— dx
2 = ;an L
=7 L e a 0[ "o 9(?;) dc ’ (A.2.4)
n=0 % ‘ :
pi

Eq{ A.2.4)is obtained by using the identity:-

Co+l) T
gia — = (-1

Substituting Eq. (A.2.4) into Eq. (A.2.3),we.get,

. 2A'CP pa @ -a_t t. a g -
e £.oe " Oj e () dz
L n=0 -
2 A K o« -a t t a . .
o Q= —5— ):0 e U 0[ e ™ ¢() dg (A.2.5)
~ . n=

using the definition of thermal conductivity as k = CP o p

Notice that heat transfer from time O to t, to the wall is
equivalent to heat content of the wall at time t (as heat content at time= 0
is 0). Hence upon one one differentiation of Eq.(A.2.5) with respect to time,

therrate of heat transfef is cbtained.

-a 't -t a [ ' ‘-a_t

dQ _ 2ki ; dA T e " B
= == $(x) 4t tAe (-a )
,dt L n=0 dt J ) aQ_L'l
t 8, ' —é t at )
0( Coar + Ae ™ o® o) |
)
3K ;’ g, b “
= £X Tl A a] ¢(C) dz + A ¢(o) | U
g’_ n=0. 0[ {
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W

Eq(A.2.6) gives the rate of heat transfer from the vapor to the

pressurizer wall due to the condensation of the vapor on .the pressurizer {

wall. | <

i
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APPERDIX 3

SOLUTION OF THE PARTIAL DIFFERENTIAL EQUATION. B | .

Rate of the heat transfer to the wall, dQ/dt can be found by Taking
the derivative of Q with respect to the time, sd it is neceésary to compute

Q first. From Appendix 2,

£
Q=A CP p Ofux dx

[
Fourier hqft conduction equation as

U, is the tempjraturc distribution in the wall and 1s described by the

azu

32x

Ju

—_—— -

t

2|

where x 1s the coordinate along the thickness of the wall. In order to
obtain the tempefature distribution in the wall at ‘any instant of time,

the above partisl differential equation must be sglyg?. The initial and
- hY
boundary conditions for it are:- N
} o
i

1) u(0,t )= 29
" {.e. the inner surface of the pressurizer wall follows the saturaticn

temperature histﬁﬁi. A

b
2 uw(x,0)=0
if.e. at the start of the insurgé, the pressuriier wall is at the 2
uniform ﬁemperaturc and as discu?sed‘earlief; taking thatlas the - ’/T/i:>
. datum.
3) g.‘*l . = 0
dx| x= £

j.e. at the other énd of the pressurizer wall, thcte,;s a perfect P

phermal insulation, so that the.heat transfer from that end is. zero.
s
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The concept used here for solviﬁg the partial differeqﬁial equation

{s to discretize the independant variable x, and keep the other independant

variable, t, as the continuous variable of $360/CSMP. For discretizing x, the ' -

wall of the pressurizer was assumed to be having 12 nodal points, making

Ax = /12, L - -

‘ There are three basic finite difference methods for sblvihg a

ﬁartial differential equation, i.e.,
1) Forward difference methodl '
2) Backward difference method
|

3) Central difference methad

Here for discretizing x, the central difference method:.was selected. Hence

du/dx is reﬁresented as, ~
"du _ Bi-1 7 Y41
x 2 Ax

Similarly,
R T Sl Sl o5
x“ - : (Ax)?

Substituting these expressions of the derivatives in the partial differential

~

equation of heat conduction, we get, : N
u ~ 2wy, +u,
du _ a i-1 i i+l
- ‘2
at (ax) =

A1)

In the above equation), the partial'differential equation reduces to a total

differential equatioﬁ as,

du up~2Y g o ‘ ' ' ’

de w0’
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L 4

or ug gy . i-1 i 1+1 _
(&%)
vhere 15 1, 2, 3, buiviiiiiii..., 12 ,
. 2 '
Denoting « /{Ax)” = S , these twelve simultaneous ordinary differential

equations can be written out as:-

' ap = S (uy-2 u‘l tu, ) .
. ; R
u, S ( v 2 u, ¥ u, }
U,y = S ( M, -2 ug +ou, )

'l,j4 = S ( l.'l.3 ‘— 2 UA + U5 ) )
U, - _
5 S ( U, 2 ug + ug )
— -7 '
ug = S ('US 2 ug + Uy )
u, = s ( up = 2 u, + ug ) P
: 4
ug = S(u7—2u8+u9)
. ) . ' ~
ug = S Cug = 2Zug +uy0) / N
ujp = 8 Cug = Zupghugg)
. - ! ' ] . .t . . ?
upp = S Cuggm 2uptug) , - o E
. . _ 2 7 )
upp = S (upym 2.t vy

-
ol

These are the simple ordinary differential equations and can be solved

.~

" simultaneously by S$S360/CSMP. -




Implementation of Initial and Boundary Conditions

Initial ané boundary conditions are:- N,
' ' ‘ > ~
u{0,) = ¢ ‘ ~
ulx,0) = 0 5
du N
dx|x= 2~ 0

2 ;r/
At any time t, the temperature of the first nodal point‘is equal to ¢,
heace we have, Ug = ¢. Since u at any nodal point at time equal to zero

is zero, the initial conditions of the above differential equations 1is N\

zero, giving, . (0) =0

From the third initial conaition, as the derivative of temperature '
¥
with respect to time at the other end is zero, it tan be written by the

central difference formula as,

du BT %e - S

—

dx ~ 2 Ax

Hence at x=£, as 1=12, the above expression leads,

qu| .= M1-%3 - |
- 7 dx|x= 2 Z Ax - ' - )
i.E- u13= ull ‘

@

l Eliminating the imaginary temperature of the_ﬁall, Uy 4 from the above
mentioned’ twelve differential equations, we get twelve equations for the

twelve unknowns. All those twelve differential equations are in the solvable

N

form by the S360/CSMP, and thus the temperature distri&ution in the wall at

any instant can be obtained; - - ' _ - .
.'Th number of stations in the wall afe chosen,arbitrarily. Bué by
chengiﬁg the \number of- nodal points in the wall to lo,l6 and 20, the_
: coﬁpetation as carried‘out and it was observed ﬁha; the differenc: in

the pressure prediction is in the‘fifth-blaee. This implies that t'.e

-
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choice of twelve nodal points 1is quite sufficient to render the Eccurate,

solution, ‘} T ‘
Once the partial differential equation of heat conduction is .

o | , '
solved and the temperature distribution in the wall is obfained, for
A L .
computing the rate of heat transfer, we need to evaluate d/'u dx.
v
As this integration is with respect to x, and not with t, the CSMP

\

INTGRL statement cannot be used for integration. Jt is performed by the

E-3
Simpsen Rule of integratizs. !

X
J.y d = (ygt4Cy ;)¢ 20y ) +y ) bx/3

The truncation error of this formula is very small and the correction to
. " 4

it can be achieved by adding the following term. (25).

Aw | S 4 !
Y] { 6 v+ 6 y3 + 6 Vs .........:.Aa Yo-1 }
. 4 4 4 4
N ;,:; {6‘y2.+634+6y6.. ..... rere 8y 0y ‘

Where the above quantities in the correction term can be found out by
forming a differeﬁoe table.

Since in our case, u 1s relativelj small -and the equation is
pnrricularly stable, and it is a small part of the main conputdtion, this

correction_term can be omitted.ience,

L o ‘ . .
I u. dx ::-(_'uollaf-A {ul+u3+u5+u7_+ u9+ull.) -+
o : ' .
- ' ' ' ‘Y - 2736
+ 2 ( uy + U, Foug tug t U )_ 49 N/

This value of the integral will change with the time- as the value of uy

.

is changing with time.




Calculation of the Rate of Heat Transfer : Lo

By substituting thérvalue.qf the integral in the Eq.(A.2.3),

the total heat content in the wall can be obtained. Once the heat
(

transferred to the wall is known, the rate of the heat transfer can be
L.t

~

obtained By differentiating 1t with respect to\}ime. This 1s accomplished

by using the derivative capability of S360/CSMP.

g }

d—% = DERIV ( DQDTO , Q ).

“here the quantdty DQDTO is the rate of heat transfer at time equal té —
zero. As the temperature distribution in the wall is initially unifbrm, f\$\

the rate of heat transfer is zero.

I . v
Hence ad - pERIV (0., Q) '
W . L . . '/
The above expresslon gives the rate of heat transfer from the vapor to.the
N ) .
pressurizer wall, due to the condensation of wapor.
£
~ ‘\\\ N
- .
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