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Analyse inortielle des oscillations hydrodynamiques

dans_les conduites de vapeur de Gentilly 1

par

E.O. Moeck et P.Y. Wong

Résumé

On a proposé que la centrale Gentilly 1 soit modifiée pour qu'elle
puisse fournir de la vapeur industrielle à l'usine d'eau lourde La Prade tout
en gardant sa capacité de production d'électricité, laquelle peut aller
d'environ 17 MWe à 250 MWe (puissance nominale) selon les besoins en vapeur
de l'usine d'eau lourde. Pour obtenir une telle souplesse d'emploi, il
faudrait connecter quatre rebouilleurs aux conduites actuelles de vapeur et
un nouveau contrôleur de pression serait nécessaire.

On décrit dans ce rapport une analyse inertielle du comportement
hydrodynamique du réseau actuel et du réseau proposé pour les conduites de
vapeur de Gentilly 1. Le but de cette analyse a été de déterminer si des
oscillations de pression entre les réservoirs, semblables à celles notées
durant la mise en service de Gentilly 1, pourraient se produire dans le
réseau proposé.

L'analyse est fondée sur un écoulement incompressible, mais la
compressibilité de la vapeur est prise partiellement en compte en accumulant
des volumes de vapeur en des endroits appropriés du réseau. On s'est servi
de maquettes de réservoir de vapeur, de resurchauffeurs et de rebouilleurs
et dans la mesure du possible on a simplifié le réseau. L'équation caractéristique
du réseau proposé, système du 20e ordre, a ensuite été obtenue via la
linéarisation et la transformation de Laplace des équations dynamiques.
Pour déterminer les fréquences et les modes d'oscillation de la pression,
on a trouvé les valeurs propres de l'équation caractéristique et pour chaque
valeur propre complexe on a obtenu les vecteurs propres. En laissant de
côté les segments de conduite destinés au réseau proposé, on a pu également
obtenir les caractéristiques du réseau existant.

Les résultats découlant de l'analyse inertielle montrent qu'en général
le comportement hydrodynamique du réseau proposé pour les conduites de vapeur
serait à peu près le même que celui du réseau existant, lors de perturbations
à faible fréquence (< 1 Hz) dans des conditions nominales de fonctionnement.
On ne doit pas s'attendre à des oscillations entre les rebouilleurs. Quant aux
oscillations entre les réservoirs de vapeur elles seraient amorties, comme
avant. L'analyse du comportement acoustique du réseau, effectuée par Selander
& Wong, parallèlement à cette étude, devrait être consultée en ce qui concerne
les oscillations sous l'empire des conduites de vapeur, c'est-à-dire à des
fréquences de > 1 Hz.

L'Energie Atomique du Canada, Limitée
Laboratoires nucléaires de Chalk River

Chalk River, Ontario, KOJ 1J0

Mai 1978 AECL-6093



INERTIAL ANALYSIS OF HYDRODYNAMIC OSCILLATIONS

IN THE GENTILLY-1 STEAM MAINS

by

E.O. Moeck and P.Y. Wong

ABSTRACT

It has been proposed that the Gentilly-1 (G-l) Generating
Station be modified to supply process steam to the La Praâe Heavy Water
Plant (LHWP), but that the generating capability of the station be retained,
varying from house load Cv> 17 MWe) to the design value (250 MWe), depending
on the steam requirement of the heavy-water plant. To achieve this
versatility, four reboilers would be connected to the existing steam-mains
system, and a new pressure controller would be required.

We describe herein an inertial analysis of the hydrodynamic
behaviour of both the existing and proposed G-l steam-mains networks.
The objective was to determine whether pressure oscillations between
steam vessels, similar to, but possibly more severe, than those observed
during G-l commissioning, could occur in the proposed network.

The analysis is based on incompressible flow, but compressibility
of steam is partly accounted for by lumping volumes of steam at appropriate
locations in the network. Point models of steam drums, reheaters and
reboilers were used, and where possible, network simplifications were made.
The characteristic equation of the proposed network, a system of 20tn order,
was then obtained, via linearization and Laplace transformation of the
dynamic equations. To determine the frequencies and modes of pressure
oscillations, eigenvalues of the characteristic equation were found and
for each complex eigenvalue, the eigenvectors obtained. By 'shedding' the
respective pipe segments from the proposed network, the characteristics of
the existing network wsre also obtained.

Results from the inertial analysis indicate that, in general,
the hydrodynamic behaviour of the proposed steam-mains network would be
about the same as that of the existing network, during disturbances of low
frequency (< 1 Hz), at nominal operating conditions. No oscillations
between reboilers are to be expected, and oscillations between steam drums
would be damped, as before. The analysis of the acoustic behaviour of the
network, carried out by Selander and Wong, in parallel with this study,
should be consulted regarding oscillations dominated by the steam piping,
i.e. at frequencies of > 1 Hz.

Chalk River Nuclear Laboratories
Chalk River, Ontario, KOJ 1J0

19 78 May AECL-6093
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1. INTRODUCTION

1 .1

It has been proposed that the Gentilly-1 (G-l) Nuclear

Generating Station be modified, to supply process steam to the

La Prade Heavy Water Plant (LHWP), while retaining a generating

capability ranging from house load ('v 17 MWe) to the design

rating (250 MWe), depending on the steam requirements of the

heavy-water plant. Since the primary steam, generated in the

core of this boiling-light-water cooled reactor, cannot be

piped directly to the heavy-water plant, four intermediate

steam generators (reboilers) are required, to transform primary

steam to secondary process steam.

Under this proposal, the G-l plant could become a

versatile source of energy, but to achieve this versatility,

changes to the existing steam-mains network, and to the pressure-

control system, are required.

The existing steam mains consist essentially of two

parallel "24 in." lines, each a, 140 m long, leading from the two

steam drums to the two steam chests at the turbine. A "16 in."

tie line, at roughly mid-length, connects the two mains, to

equalize pressure. During early, low-power operation of the

G-l plant, pressure fluctuations were observed in the steam

drums [1]. This suggested that an expanded steam-line network,

supplying steam to reboilers, as well as the turbine, might

have a similar, possibly more severe, problem and hence was

the cause of some concern.

Therefore, three analyses were initiated at the Chalk

River Nuclear Laboratories (CRNL) to examine some of the problems

that might arise from the conversion of the G-l plant.

In the first, McMorran [2] is investigating the

feasibility of applying multivariable techniques to the control

of steam-mains pressure.
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Thc second analysis, carried out by Selander and Wong [3],

deals with acoustic phenomena in the steam-mains network. The

purpose of their study was to determine the acoustic resonances

within the control band (0 to ^ 3 Hz), and the preferred locations

for pressure taps, where noise effects could be minimized.

The third study, the subject of this report, is an

inertial analysis of the steam-mains network.

1.2 Inertial Analysis

The objectives of the inertial analysis were

(i) to determine whether sustained or lightly

damped pressure oscillations could occur in the

steam vessels, e.g. the steam drums, and

(ii) to obtain the frequency, damping and mode of

hydrodynamic oscillations, of the inertial type,

in the unforced G-l steam-mains network

- as it now exists, and

- after modification, to accommodate four

reboilers.

Analysis of both network configurations allowed

comparisons to be made on a 'before1 and 'after' basis. The

model was also validated, using plant data.

Steam-line segments of the network were represented by

lumps of incompressible fluid, interacting with one another at

the pipe junctions. Point models of steam drums, reheaters and

reboilers were used and valves were provided at several locations

in the network model. A schematic of the existing steam-mains

network and the proposed modifications is shown in Fig. 1. The

analysis consisted of

- calculating the steady-state network parameters

(flows, pressures, pressure drops)

- linearizing the dynamic equations about an operating

point, and taking their Laplace transforms,
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- determining all coefficients in the linearized,

transformed equations Irom the steady-state

parameters of the network,

- generating the characteristic equation of the network,

- obtaining the eigenvalues of the characteristic

equation and, for each eigenvalue, the eigenvectors.

Since the network is modelled using capacitances, resistances

and inertias, it is passive, and thus stable, in the absolute

sense. Therefore, the real part of every eigenvalue is negative,

while the imaginary part, if nonzero, provides information on

the damping characteristics of that particular oscillation.

The inertial analysis is tailored to a specific network

layout. The configurations of the proposed and existing G-l

networks, and their nominal operating conditions, are described in

Sections 2 and 3. The existing network is a subset of the

proposed network and can thus be obtained by choosing appropriate

values for certain parameters to effectively remove the unwanted

network components from the full model.

The equations used in the steady-state calculations are

summarized in Section 4. This section also contains results

from the steady-state portion of the digital program GISMO, an

acronym for Gentilly-1 ^nertial Steam-Mains Oscillations [4].

The dynamic behaviour of pipe segments, steam vessels and other

network components is reviewed in Section 5. Two sets of

network equations are formulated (Versions A and B ) , on the basis

of two sets of assumptions, and summarized in Sections 6 to 8.

Results from the inertial model are presented in

Section 9. For each network, four cases were processed to obtain

high and low estimates of oscillation frequencies. For the

existing network, two oscillation modes observed during early

plant operation [1] were predicted and their natural frequencies

were bracketed by the calculations.



-5-

Oscillation modes and frequencies predicted by the

inertial and acoustic [3] analyses are compared in Section 10,

where it is shown that the two sets of results are compatible.

Finally, the inertial analysis is summarized in Section 11.

2. LAYOUT AND DIMENSIONS OF STEAM-MAINS NETWORKS

On the basis of approximately 30 drawings and sketches

supplied by AECL Power Projects and Canatom Limited, the steam-

mains network shown schematically in Fig. 1 was chosen. Generally,

lines less than ^ 15 cm in diameter were ignored, although steam

vessels at the termination of these smaller lines, and the

volumes of the lines themselves, were often lumped into an

adjacent subsystem. In Fig. 1, the solid lines represent the

existing network and the dashed lines the proposed modifications.

Each of the four reboilers consists of two equal halves, for a

total of eight separate steam volumes. Each volume comprises

one tube bundle, in which the primary steam condenses, and one

surge tank collecting the condensate.

2.1 Pipe Segments

The dimensions of the pipe segments, identified in

Fig. 1, are summarized in Table Al, Appendix A. The actual

length quoted is normally the length of the pipe axis between

the end points, such as the centre of a tee fitting and the

centre of a valve. All elbows were assumed to be of the long-

radius type and their dimensions, as well as those of tees, valves,

etc., were taken from reference [5]. Exceptions to this rule

are explained in the footnotes. The actual lengths are required

for the calculation of pipe volumes and fluid inertias.

The friction length is required for the calculation of

the steady-state pressure drop, and is based on the concept that

an elbow or other fitting causes the same pressure loss as some

specified length of straight pipe. Friction lengths for various

pipe fittings, based on [6, p.A-30], are summarized in Table A2,

Appendix A.



-6-

2.2 Vessels

The estimated volumes of the pipes and various vessels

are summarized in Table A3, Appendix A. In calculating these

volumes, it was assumed that all contiguous steam space contributes

to the compressibility of the steam-mains system. An exception

occurs when steam passes through a choked-flow restriction, in

which case the downstream volume was assumed to have no influence

on the steam mains. Thus, the steam in the reactor fuel channels,

risers and mixing region of the steam drum is included in the

steam-volume calculations but the steam in feedwater heaters

No. 6 and 7 of Fig. 1 is not. Many of the estimates are based

on incomplete or insufficient information, as explained in the

footnotes.

2.3 Valves and Throttling Disks

Seven valves and two throttling disks have been

included in the network layout, Fig. 1. Isolating valves are

assumed to be fully open at all times and are thus included only

as equivalent friction lengths, for purposes of pressure-drop

calculations.

In the inertial analysis, all valves are treated as

resistances. Various operating conditions can be analyzed by

simply prescribing the desired steam flow through each valve,

provided that the flow in valves 71, 72 and 77 (Fig. 1) remains

choked, and in valves 73 to 76 does not become choked.

Of the two throttling disks, one (or both) can be

removed from the analysis, by setting the appropriate resistance(s)

to zero.
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3. REFERENCE PARAMETERS FOR BOTH NETWORKS

To obtain the steady-state flows and pressure drops

in the steam-mains network, and to calculate the various

parameters required for the inertial analysis, reference data

are required. The latter include

- thermodynamic properties

- adjusted volumes of real and fictitious vessels

- operating conditions, i.e. steam flows, and the

pressure at one point in the network.

3.1 Thermodynamic Properties

At nominal operating conditions, the steam-drum pressure

is about 5.31 MPa (770 psia), the pressure upstream of the

turbine-governor valves in the existing network is ^ 5.17 MPa

(750 psia), and the estimated pressure at the reboilers in the

modified network is ^ 4.96 MPa {720 psia). Consequently, the

steam properties vary from one end of the network to the other,

resulting in computational complexity that is not justifiable.

Hence, constant properties were assumed, evaluated for an average

network pressure of 5.14 MPa. These were calculated via a steam-

tables program, developed by Tseng et al. [71, and are listed in

Table Bl, Appendix B.

3.2 Adjusted Volumes

As shown in Table A3, Appendix A, the volume of the

steam piping is comparable to the total volume of steam in all

vessels. Since the steam in the pipe segments is treated as

incompressible in the inertial analysis, neglecting the piping

volume would introduce a substantial error. On the other hand,

the piping volume is distributed, and would require a large number

of nodes to account accurately for system compressibility. A

compromise is to add this piping volume into the existing

vessels. The compromise can be improved by creating fictitious

vessels, located along the major steam lines. In Version A of

the analytical model, two such volumes have been created, located



at points 53 and 54 (Fig. 1). In Version B, these volumes are

located near the turbine-governor valves, at the centres of line

segments 17 and 18. These two versions represent approximately

the two extreme assumptions regarding the location of the steam

piping in this lumped-parameter representation.

Schematic layouts for both network versions (A and B)

are shown in Fig. 2 and 3. In these figures, line lengths and

vessel volumes are shown to scale, and simplification at the

reboiler end of the proposed network is achieved utilizing the

symmetry of the system. Items identified with an asterisk

represent the mathematical equivalents of corresponding items in

Fig. 1.

In the analysis of the proposed steam-mains network,

the total piping volume was divided into ten equal parts, which

were added to the volumes of the two steam drums, two reheaters,

four reboilers and the two fictitious volumes. In the model of

the existing steam mains, one sixth of the steam piping was

added to each of the steam drums, reheaters and fictitious volumes.

The adjusted vessel volumes for both networks are summarized in

Table B2, Appendix B.

3.3 Nominal Op. ̂ating Conditions

In the proposed network, about 70% of the steam from

the G-l reactor would go to the reboilers, under nominal design

conditions, and the rest would pass to the turbine, deaerator,

feedwater heaters and reheaters. Table B3, Appendix B, summarizes

the nominal flows and pressure drops at steady state. The

nominal pressure in one steam drum, e.g. the north drum, is

5.31 MPa (770 psia).
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4. STEADY-STATE ANALYSIS

The purpose of the steady-state analysis is to

calculate the resistance of each line segment, valve and

throttling disk shown in Fig. 1. These resistances, together

with other variables, are needed in the inertial analysis.

4.1 Pressure Drop in a Pipe Segment

The total steady-state pressure drop in a pipe segment

is given by

?o = Pfr + Par (4"1}

where the symbols are defined in the nomenclature.

In terms of Darcy's friction factor, X, the frictional

component is

8AL v W2

while the gravitational component is

H
pgr g

v
(4.3)

For each pipe segment, values of D, L and H are

given in Table Al, Appendix A.

To calculate the friction factor, we used the empirical

equation of Colebrook and White [8, p.525], viz.,

— = 1.74 - 2 log [^ + ̂ il j (4.4)

For commercial steel pipe, the absolute roughness is [6, p.A-26]

e = 46 x 10~6 m (4.5)

while, by definition, the Reynolds number is,

R e "
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4.2 Pressure Drop Across a Throttling Disk

The throttling disks (81 and 82 in Fig. 1) are treated

as sharp-edged orifices. The flow through such an orifice is

given by [6, p.2-14] ,

\ / ^ (4.7)

where D is the orifice diameter.

Since the throttling disks may not be installed as

proposed, they can be effectively removed from the model by

setting

D81 = D82 = °- 5 6 0 4 m <4-8>

and K 8 1 = K g 2 = 10
6 (4.9)

4.3 Pressure Drop Across a Valve

For the stoady-state calculations, the flow through all

valves must be specified, and the pressure drop across control

valves must also be given. For valves in which the flow is

choked, the pressure drop is not required because conditions on

the discharge side of the valve cannot affect the pressure, or

flow, upstream, i.e. in the steam-mains network.

4.4 Steady-State Flows, Pressures and Pressure Drops in the
Proposed Steam-Mains Network _^_^_

For given operating conditions, the steady-state flows,

etc., can be determined by solving the pressure-drop equations,

Pa = pb = Pc ( 4- 1 0 )

where p is the pressure drop across tee junctions 55 and 56 in

Fig. 1, and the subscripts a, b and c represent the three

respective loops, i.e.

a = 55 •* 57 -* 59 •*• 60 •* 58 -> 56 (4.11)

b = 55-> 53 •* 63 -»• 54 •+ 56 (4.12)

c = 55 •> 61 •+ 62 -»- 56 (4.13)

where the numbers represent the tee junctions.
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A detailed description of the implementation of

equations (4.1) to (4.13), via the GISMO code, is given in

reference [4]. The program output is shown in Table 1, for

nominal operating conditions of 100% reactor power, full steam

flow to the La Prade Heavy Water Plant and ^ 17 MW electrical

output. The results are applicable to both network versions

(A and B).

In Table 1, the identification numbers for line segments,

vessels, line junctions and valves correspond to the numbers

given in Fig. 1. Among other entries, the table lists total,

frictional and gravitational pressure drops for each line

segment. The predicted pressure drops between the steam drums

and the upstream sides of the steam flow-control valves at the

reboilers are, respectively, 170.9 kPa (24.8 psi) via the north

steam mains, and 163.7 kPa (23.7 psi) via the south steam mains.

The pressure difference between the two steam drums is 9.18 kPa

(1.33 psi).

4.5 Steady-State Flows, Pressures and Pressure Drops in
the Existing Steam-Mains Network

The GISMO output for the existing G-l network, at

nominal operating conditions, is shown in Table 2. Some entries

are meaningless, as they correspond to pipes, vessels, etc.,

in the proposed network.

From Table 2, the predicted pressure drops between the

steam drums and the upstream sides of the turbine-governor valves

are, respectively, 96.6 kPa (14.0 psi) via the north steam mains,

and 91.2 kPa (13.2 psi) via the south steam mains. The pressure

difference between the two steam drums is 10.77 kPa (1.56 psi).
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r) . BASIC NKTWORK DYNAMICS EQUATIONS

The dynamic equations that describe the response of a

network component to a perturbation are based on the following

assumptions :

(1) Perturbations are small enough to permit linearization

about a steady-state condition.

(2) In the steam lines, the flow is incompressible, but

compressibility of the steam is accounted for by

placing fictitious steam vessels along the network.

(3) In the vessels (steam drums, reheaters, reboilers

and fictitious vessels), steam is compressible,

and where applicable, steam and water are always

in thermodynamic equilibrium.

(4) Point models of steam vessels are sufficient.

(5) All flows, other than steam, into and out of

vessels, remain constant.

The steam-mains network consists of five basic components,

namely

- pipe segment

- throttling disk

- control valve

- choked-flow valve, and

- steam/water vessel.

Equations for each of these components are derived below, using

the symbols defined in the nomenclature.

5.1 Pipe Segment

For a pipe segment of uniform cross section, the

continuity equation for incompressible, one-dimensional flow is

3W
dz

= 0

so that

W = W(t)

(5.1)

(5.2)
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The momentum equation is

A dt

'v W
g i£ + lai ÉH =

3 z vg d z
(5.3)

Equation (5.3) can be integrated over a pipe segment

L, equivalent friction len

drop p, and vertical height H, viz.,

of length L, equivalent friction length L , with dynamic pressure

r •H

•'o
7^
TT D

M
V

dH = 0 (5.4)

to give, in view of equation (5.2) ,

8AL v

_ ^ â W2 _ p + jg| JL
ir D g

L dW

L dW
A dt

Or -r- 3-r- +

A dt gr
= 0

(5.5)

(5.6)

For small perturbations, such that W = W + AW and

p = p + Ap, where W and p are the reference conditions

(assuming that X, v and geometry remain constant), equation (5.6)

becomes

L dAW
A dt

2p
fr
W

AW - Ap = 0 (5.7)

Equation (5.7) is linear and can thus be Laplace transformed to

obtain the basic relation for the dynamic response of a pipe

segment,

ZAW = Ap

where, by definition,

Z = Is+R

I = L/A

2p
and R =

fr
W

(5.8)

(5.9)

(5.10)

(5.11)
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5 . 2 Throttling Disk

The perturbation equation for a throttling disk can be

written by inspection of equation (4.7),

R AW = Ap (5.12)

where R is given by equation (5.11), in terms of the frictional

pressure drop across the throttling disk and the flov? through it,

at reference conditions.

5.3 Control Valve

The flow through a control valve can be written as

W = const.A .*/-£- (5.13)

where p is the pressure drop across the valve.

When linearized, at constant A and v , equation (5.13) becomes

the same as (5.12), but with R given by equation (5.11), in

terms of the frictional pressure drop across the valve and the

flow through it, at reference conditions.

5.4 Choked-Flow Valve

The equation for a valve, operating in the range of

choked flow, is given by Napier's formula [91, viz.,

W = const.A P (5.14)

For small perturbations in flow and upstream pressure, but

constant flow area, this becomes

AP = R AW (5.15)

where R = I - ^ (5.16)
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5 . 5 Steam/Water Vessel

The dynamic response of a vessel of constant volume

containing steam and water at saturation conditions can be

described on the basis of conservation of mass and energy and

equations of state.

For vessels without external heat transfer, such as

the steam drums and fictitious steam vessels (vessels 41, 42, 53

and 54 in Fig. 1), small changes in pressure are related to small

changes in net inflow as follows [10]:

C s AP = AW (5.17)

where C = ^- |f, M. + f2 M j (5.18)

(dh \

-a? - -,)( v, /dv \

Functions fj and f2 depend only on saturation pressure and are

tabulated in [7].

For vessels with external heat transfer, such as the

reheaters and reboilers (vessels 43 to 46 in Fig. 1), the linearized

relation between changes in pressure and steam flow is given by [11],

Y AP = AW (5.21)

where Y = c(i + s) (5.22)

T-4ï 15-23)
and C is given by equation (5.18).



-20-

6. EQUATIONS FOR VERSION 'A' OF THE PROPOSED NETWORK

For a small perturbation, the basic equations derived

in the preceding section can be written, one by one, for each of

the 44 network components shown in Fig. 1. In addition, similar

equations summing the flows into each junction, and pressure drops

around the various loops, can be specified. The resultant set

of equations can be reduced algebraically to obtain a minimum

set. The difficulty with this approach is that it is easy to

overlook an independent equation, in favour of a redundant

equation, and the excessive algebraic manipulation can lead to

errors. A more efficient, and elegant, approach is via a bond

graph [12]. This type of graph assures the correct ordering of

equations, in terms of cause and effect, without any loose ends,

and provides a systematic way of writing the minimum set of

equations, thus greatly reducing the subsequent algebra. Figure 4

shows the bond graph for the network given in Fig. 2.

The notation used in these two figures is as follows :

Item (or Subscript) Description

1 to 29 line segment

41 to 46 steam/water vessel

51 to 65 tee junction

71 to 77 valve

81 to 82 throttling disk

The other symbols on the bond graph, i.e. Ap, AP, AW, etc.,

correspond to the definitions given in the nomenclature.

The bond graph consists basically of an alternating

series of 0 (zero) and 1 (one) junctions; flows are summed at

the 0 junctions and pressures at the 1 junctions.

By inspection of the bond graph, the following

equations can be written:
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State F:quations :

C41 S AP41 = " A W1 (6-1}

C4 2 S A P4 2 = " A W2 (6-2)

Zl* A W1 = A?41 ~ AP53 (6"3)

Z2i! AW2 = AP 4 2 - AP54 (6.4)

C53s AP 5 3 = AWX - AW? - AWg (6.5)#

C54s AP 5 4 = AW2 - AWg - AW1Q (6.6)*

Z, AW7 = AP 5 3 - AP 6 3 (6.7)

Z8 A W8 = AP54 " AP63 (6'8)

Z10 AW10 " AP54 " AP56

(6.9)

AW11 = AP55 " AP61 (6.11)

Z12 A W12 = AP56 " AP62 ( )

Z17 AW17 = AP57 " &P59 (6.13)

Z18 AW18 " AP58 " AP60 (

Z19 AW19 " AP60 " AP59 (

Z20 AW20 = AP62 " AP61 (6

Y43 AP43 = A W9 " AW11 " AW17 (6

Y
4 4

 A P
4 4 =

 AWio " AW12 " AW18 (6

Y45* AP45 = AW11 + AW20 (6

Y46* AP46 = AW12 ~ AW20 ( 6" 2 0 )

These equations allow fictitious vessels, representing part of
the steam-mains volume, to be located at junctions 53 and 54.
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Since there are 20 state equations, this is a

ordcr system which will yield a 20th-order polynomial in s as

the characteristic equation of the network.

Auxiliary equations, obtained from the bond graph, are

given below.

Network Elements:

(AWg - AW1;L) (6.21)

Ap14 = Z14 (AW10 " A W12 ) ( 6' 2 2 )

A p15* = Z15* (AW9 " AW11 " A W17 } ( 6 > 2 3 )

A p16* = Z16* (AW10 " AW12 " AW18> ( 6' 2 4 )

Ap 2 1 = Z 2 1 (AW? + AWg) (6.25)

A p22* = Z22* (AW12 " A W20 } ( 6' 2 6 )

A p23* = Z23* {AW11 + A W20 } ( 6* 2 7 )

+ AWig) (6.28)

? 2 ? 2 1 8 - AW19) (6.29)

Ap ? 3 = R?3 (AWg - AW1X - AW1?) (6.30)

Ap 7 4 = R?4 (AW1Q - AW12 - AW18) (6.31)

Ap75 = R75* (AW11 + ^20* ( 6- 3 2 )

Ap76 = R76* (AW12 " A W20 } ( 6' 3 3 )

Ap ? 7 = R?7 (AW? + AWg) (6.34)

+ AW19) (6.35)

- AW19) (6.36)
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Remaining Junctions:

AP 5 5 = AP57 + Ap 1 3 (6.37)

AP56 = AP58 + AP14 ( 6' 3 8 )

+ Ap 7 3 + AP 4 3 (6.39)

AP58 = A pl6* + Ap74 + AP44 ( 6- 4 0 )

AP59 = Ap81 + Ap71 (6.41)

ÛP60 = Ap82 + AP72 ( 6- 4 2 )

AP61 = A p23* + Ap75 + AP45 ( 6' 4 3 )

AP62 = A p22* + Ap76 + AP46 ( 6" 4 4 )

AP 6 3 = Ap 2 1 + A P ? 7 (6.45)

In the above equations, items with an asterisk

represent equivalent elements. Their derivations and definitions

are given in Appendix C.

7. MATRIX FOR VERSION 'A' OF THE PROPOSED NETWORK

After some algebraic manipulation, equations (6.1) to

(6.45) can be cast into the form

[Ds + E]X = 0 (7.1)

where X is a column vector of 20 state variables and

[Ds+E] is a 20x20 coefficient matrix, given in terms of

the resistances, capacitances, inertias and the

Laplace transform variable.

Equation (7.1) can be solved to obtain the eigenvalues of the

matrix.

The definitions of the 20 state variables are:
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Xl = /

X2 ~ AP42

= AP43

X4 = AP44

X5 = A P 45

x, = AP.,
6 46

X7 = AP53

= AW,

= AW
'11

13

x, . = AW,„
14 10

X15 = AW11

X 1 ? = AW

x = AW

17

18

= AW19

x 2 Q = AW20

X8 = AP54 X16 = AW12

Equation (7.1) can also be expressed as

AX = 0

so that

(7.2)

al,2 ai,3

a2,l a2,2 a2,3

a3,l a3,2 a3,3

a20,l a20,2 a20,3

1,20

2,20

3,20

20,20

X

X

X

X

1

2

3

20

= 0 (7.3)

The matrix (a. .) in the above equation is sparse, and symmetric

about the diagonal. Its nonzero coefficients are given in

Appendix D.

Considering equation (7.1), we can write
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DsX = -EX (7.4)

IsX = -D-'EX (7.5)

( s I + D ~ 1 E ) X = O (7.6)

Hence, the problem reduces to solving [13]

si + D-^l = 0 (7.7)

8. MATRIX FOR VERSION 'B' OF THE PROPOSED NETWORK

For Version B of the proposed network (shown in Fig. 3 ) ,

a matrix equation similar to (7.3) can be written. The definitions

of the state variables are given below, while the coefficients

a. . are given in Appendix D.1 » 3

xl

X2

X3

= A P 4 1

= A P 4 2

= A P 4 3

X9

X10

Xll

= Ml

= AW 2

= A W 3 1

X17

X18

X19

= A W 1 7 ,

= A W 1 8 ,

" A W 1 9

X5 = A P45 X13 = A W 9

X 6 = A P46 X14 = A W10

X 7 = A P53 X15 = A W 1 1

X 8 = A P54 X16 = A W 1 2
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9. HYDRODYNAMIC OSCILLATIONS PREDICTED BY THE INERTIAL MODEL

9 .1 ihe GISMO Program

The GISMO program [4] was used to calculate the 20

eigenvalues of the characteristic equation, i.e. equation (7.7),

and for each eigenvalue, the 20 eigenvectors. The program

provides options for selecting either Version A or Version B, and

either the proposed or existing configuration of the Gentill^-1

steam mains network.

To process a case describing the existing network,

certain pipe resistances in the GISMO program are set to large

values, effectively removing these pipe segments from the model.

Thus, to convert the proposed steam network, illustrated in

Fig. 2 and 3, to the existing network, the resistances of

lines 11, 12 and 19 to 27 (Fig. 2 and 3) are set to 106, which

is about three orders of magnitude higher than the next highest

pipe resistance. Also, the resistances of valves 75 to 77 are

set to 10 1 2, which is seven orders of magnitude higher than the

resistance of any of the remaining valves. The GISMO program

still solves for the 20 eigenvalues and their eigenvectors,

but the seven unwanted ones can be discarded by inspection.

In total, eight cases were processed, being combinations

of

- the existing, or proposed, steam-mains network,

- nominal operating conditions, or frictionless

(lossless) conditions,

- model Version A or B.

These cases provide a measure of the relative changes to be expected

in the pressure resonances after modification of the steam mains.

For the existing steam mains, the nominal operating conditions

correspond to 100% reactor and turbine power, while for the

proposed steam mains, they correspond to 100% reactor power,

full steam flow to the La Prade Heavy Water Plant and 'v. 17 MWe

turbo/generator load (see Table B3 of Appendix B). The lossless

cases differ from the nominal cases in that fricticnal pressure
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drops in the piping and valves 73 to 76 are set to zero.

Resistances of valves 71, 72 and 77 are set to 10 ! 2. This

simulates operation r.t low power, albeit only approximately,

since the capacitances or admittances of the various vessels

(steam drums, reheaters, reboilers) are assumed to remain the

same as at nominal operating conditions.

9.2 Results

For all cases described above, the eigenvalues were in

the left half of the complex plane, confirming, as expected,

that both steam-mains networks (existing and proposed) are

stable in the absolute sense. In addition, most eigenvalues

were real, indicating that perturbations along the corresponding

eigenvectors die out without oscillation.

Some eigenvalues occur in complex pairs, indicating

that the steam-mains network can undergo damped oscillations

at the corresponding resonant frequency.

The results are summarized in Tables 3 and 4. The

damping ratio, ç, referred to in these tables, is defined by

the second-order equation

s2 + 2ç(2TTfn)s + (2irfn)
2 = 0 (9.1)

while the damped natural frequency, f, is given by

f = fn yi - ç
2 (9.2)

In Table 3, seven modes of oscillation are identified,

arranged in order of increasing undamped natural frequency.

In the first f-.wo modes, the reheaters are the principal components,

while the third and fifth modes involve the reboilers. The

fourth mode is related to the steam drums, and the sixth and

seventh to the steam mains.



TABLE 3

HYDRODYNAMIC OSCILLATIONS IN THE G-l STEAM-MAINS NETWORK

PREDICTED BY THE INERTIAL MODEL

No.

1

2

3

4

5

6

7

Dominant Oscillation Mode

Reheater 1 against reheater 2

Rsheaters (in phase) against the
rest of the network

Steam drums (in phase) against
reboilers (in phase)

North steam drum against south
steam drum

Reboilers 1 s 2 against reboilers
3 s 4

Steam mains (in phase) against
the rest of the network

North steam mains against south
steam mains

Undamped Natural Frequency (Hz)

Existing

Nominal
Operating
Conditions

Model
A

no

no

-

0.330

-

1.27

2.76

Version1

B

no

no

-

0.330

-

0.968

1.26

Network

Lossless
Conditions

Model
A

0.140

0.189

-

0.332

-

1.34

2.79

Version
B

0.139

0.190

-

0.332

-

1.07

1.34

Proposed

Nominal
Operating
Conditions

Model
A

no

no

no2

0.337

no

1.52

3.24

Version
B

no

no

no3

0.338

no

1.14

3.13

Network

Lossless
Conditions

Model
A

0.149

0.178

0.316

0.342

0.472

1.60

3.25

Version
B

0.149

0.178

0.317

0.343

0.472

1.27

3.16

I

NOTES: (l)

(2)

Model Version A has two fictitious volumes, representing the steam mains, located at the tee junctions
of the existing tie-line, as shown in Fig. 2; Version B has these volumes near the turbine-governor
valves, as shown in Fig. 3.

The program calculated a natural undamped frequency, f , of 0.247 Hz for this oscillation mode, but with
a damping ratio so close to unity (Ç = 0.9996) that, from a practical viewpoint, it does not constitute
an oscillation.

(3)
Same as (2) above, but f = 0.246 Hz and Ç = 0.9996.



TABLE 4

HYDRODYNAMIC OSCILLATIONS IN THE G-l STEAM-MAINS NETWORK,

AT NOMINAL OPERATING CONDITIONS, CALCULATED BY THE INERTIAL MODEL

No.

4

6

7

Dominant Oscillation Mode

North steam drum against south
steam drum

Steam mains (in phase) against
the rest of the network

North steam mains against south
steam mains

Existing Network

Damped Natural
Frequency

(Hz)

Model
A

0.312

1.26

2.76

Version
B

0.312

0.950

1.25

Damping
Ratio

Model
A

0.326

0.153

0.034

version
B

0.326

0.195

0.134

Proposed Network

Damped Natural
Frequency

(Hz)

Model
A

0.309

1.50

3.24

Version
B

0.309

1.12

3.12

Damping
Ratio

Model
A

0.404

0.154

0.048

Version
B

0.403

0.158

0.027
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At nominal operating conditions, only three oscillatior

modes are predicted by the GISMO program, regardless of the

network configuration (existing or proposed) and program version

(A or B). The lowest-frequency oscillation is that between

the two steam drums (mode 4 in Table 3), followed by an

oscillation between the steam mains (in phase) and the rest

of the network (mode 6). The last is an oscillation between

the two volumes representing the north and south steam mains

(mode 7) .

For lossless operating conditions, additional

oscillation modes are predicted by the GISMO program, as

summarized in Table 3.

Several conclusions can be drawn from Table 3 :

(i) For oscillation modes 1 to 5, the undamped natural

frequency, where applicable, is insensitive to network

configuration, operating condition and model version

(i.e. compare entries in any given row).

(ii) For oscillation modes 4, 6 and 7, changing from nominal

to lossless conditions has little influence on the

undamped natural frequency, if the comparison is made

for the same network and model version.

(iii) The assumed location of the two fictitious volumes,

representing the steam mains, affects the oscillation

frequencies of modes 6 and 7. Thus, mode 6 is predicted

to occur at 'v. 1.0 to ^ 1.3 Hz in the existing network,

and ^ 1.1 to ^ 1.6 Hz in the proposed network. Mode 7

is calculated to occur at ^ 1.3 to ^ 2.8 Hz in the

existing network, depending on the model version.

Obviously, the present inertial analysis is too coarse

to give an accurate prediction of this particular

oscillation mode.
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(iv) Not only the location, but also the size, of the fictitious

volumes influences the frequencies of modes 6 and 7.

Because the steam piping was distributed among the vessels

in an arbitrary manner (see Section 3.2), the fictitious

volumes are smaller (Table B3, Appendix B), and hence the

calculated natural frequencies are higher, in the proposed

than in the existing network. This prediction is

erroneous and simply underscores the limitations of the

present model.

(v) Addition of a tie-line near the turbine-governor valves,

as suggested for the proposed network, will raise the

undamped natural frequency of mode 7, because of the

additional flow path. Thus, the predicted frequency is

^ 3.2 Hz for the modified network, regardless of model

version, or operating condition. However, as already

stated, this prediction is not reliable.

Table 4 is a summary of the damped natural frequencies

and damping ratios for the three oscillation modes at nominal

operating conditions. In general, the damped natural frequencies

are only slightly (no more than 10%) lower than the corres-

ponding undamped natural frequencies. Also, the damping ratio

becomes smaller with increasing frequency.

During commissioning of the G-l reactor, Serdula [1]

measured the noise associated with numerous plant variables,

and observed two resonances in steam-drum pressure during

low-power operation. At 1.11 Hz, the pressures in the two

steam drums were in phase, while at 1.5 Hz they were out of

phase. Although these measurements were taken on the complete

closed-loop system, i.e. the pressure controller and turbine-

governor and bypass valves were operational, they suggest

that the existing steam-mains network can oscillate at these

frequencies. For the existing network alone, the inertial

model predicts frequencies of ^ 1.0 to ^ 1.3 Hz for oscillation

mode 6 (Tables 3 and 4), which closely bracket the above 1.11 Hz
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valno, and 1.3 to ' 2.8 Hz for oscillation mode 7, with

Version B giving the closer prediction to the observed value

of 1 .5 Hz.

The GISMO program provides much more information than

that given in Tables 3 and 4. Some of this information is

presented graphically in Figures 5 to 10, to provide an overview

of the interaction of the various subsystems of the steam-mains

networks. These figures have two parts:

(i) a polar plot of the pressure eigenvectors, and

(ii) a time plot of the pressure decay.

Both of these are normalized. In each polar plot, the magnitude

is normalized to whichever vector happens to be the largest,

while the angular position is always shown relative to the

north steam-drum vector. In the time plot, a pressure disturbance

of unit magnitude and zero phase is taken as the initial value.

Figures 5 to 7 describe the oscillations derived for

Version A of the existing steam-mains network (Fig. 2), at

nominal operating conditions. When the steam drums oscillate

against each other (Fig. 5), the pressures at the two turbine-

governor valves (TGV 71 and TGV 72) also oscillate, nearly

out of phase with each other, but with relative amplitudes of

only 0.14 and 0.26. The pressure in reheater 2 oscillates with

a relative magnitude of ^ 0.002, while in reheater 1 it is

off scale, i.e. < 0.001.

Figure 6 shows the oscillation of the steam drums

(in phase) against the rest of the network. The relative

pressures in the steam drums are ^ 0.08 to ^ 0.10, while in

reheaters 1 and 2 they are ^ 0.002.

Figure 7 shows the highest-frequoncy oscillation mode,

identified by the out-of-phase vectors TGV 71 and TGV 72. The

relative pressures in the steam drums are ^ 0.014 and 'v 0.022,

while in the reheaters they are ^ 0.002, or less. The low

damping is illustrated by the persistent oscillations on the

time plot.
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Figures 8 to 10 describe the oscillations for Version A

of the proposed network (Fig. 2), at nominal operating conditions.

The additional piping and reboilers add to the complexity of

the oscillation modes, as seen for example in Fig. 8, for the

drum-to-drum oscillation mode. Probably because of the

additional tie-line, the two turbine-governor valves (TGV 71

and TGV 72) are also subjected to pressure oscillations that are

nearly in phase, with relative amplitudes of ^ 0.055 and ^ 0.095,

respectively. However, the tee junctions to the reboilers

(TEE 55 and TEE 56) oscillate nearly out of phase, with appreciably

different relative pressures, ^ 0.019 and ^ 0.18, respectively.

The relative pressures in the reboilers are ^ 0.031 and

^ 0.037.

In the proposed network, the reheaters remain quiet.

In none of their oscillations, at nominal operating conditions,

did the relative pressures exceed 0.001.

Figure 9 shows the oscillation of the steam mains

against the rest of the network. The relative amplitudes in

the steam drums are ^ 0.060 and ^ 0.077, and in the reboilers

^ 0.040.

Figure 10 shows the oscillation of the north steam

mains against the south steam mains. Note that tee junctions

55 and 56 are subjected to the largest relative pressures

(out-of-phase), followed by TGV 71 and TGV 72 (̂  0.29 and

^ 0.15, respectively). The normalized pressures in the steam

drums are only ^ 0.020 and ^ 0.026, and in the reboilers

^ 0.001 and 'v 0.002. Again, the low damping is conducive to

persistent oscillation at this frequency-

While the results given in Figures 5 to 10 are

derived from Version A of the two networks, similar results

were noted for Version B except, of course, that the predicted

natural frequencies for modes 6 and 7 were lower for Version B

(see Table 4).
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9.i Interpretation of Results

When viewed in their entirety (Tables 3 and 4 and

Fiq. 5 to 10), the calculations lead to the following conclusions:

(i) For low-frequency (< 1 Hz) disturbances, at nominal

operating conditions, the hydrodynamic behaviour of the

proposed G-l steam mains would be about the same as that

of the existing network. No oscillations between

reboilers are expected, and oscillations between the steam

drums would have about the same damping as in the existing

network.

(ii) Oscillations dominated by the steam mains are expected to

occur at frequencies higher than ^ 1 Hz. The present

inertial model is too coarse to give reliable estimates

of these, but indicates that the mains could oscillate

in phase against the rest of the network, or out of phase

against each other. To obtain better results, more than

two fictitious volumes would be required.

(iii) During low-power operation (lossless conditions), the

proposed network could exhibit oscillations involving the

reboilers (modes 3 and 5 in Table 3). It should be easy

to suppress these by applying sufficient pressure drop

across the reboiler flow-control valves.

(iv) Reheater oscillations, predicted for the lossless networks

(modes 1 and 2 in Table 3), can also be suppressed by

applying sufficient pressure drop across the valves at the

reheaters.

It has been suggested that, in the proposed network,

pressure transducers be located at tee junctions 55 and 56, to

provide signals for pressure control. Examination of vectors

TEE 55 and TEE 56 in Fig. 8 to 10 shows that the sum of these

two pressures could be a useful control signal. For oscillations

between the steam drums (Fig. 8), or between the steam mains

(Fig. 10), this sum would be near zero, because the vectors are

out of phase, and there would be no attempt to control these
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modes. For oscillations between the steam mains and the rest

of the network (Fig. 9), these two vectors are in phase, their

sum would be at a maximum, and the controller could drive the

turbine-governor valves to suppress this oscillation. Out-of-

phase oscillations do not disturb reactor power but in-phase

oscillations do.

10. COMPARISON OF RESULTS FROM THE INERTIAL AND ACOUSTIC
MODELS

As mentioned in the Introduction, Selander and Wong [3]

have carried out an acoustic analysis of the G-l steam-mains

network, in parallel with the work described here. Results from

the acoustic and inertial models are compared in Table 5 for the

existing, frictionless network.

Apart from the incompressible and compressible

formulations of the flow equations for the inertial and acoustic

analyses, respectively, there are several important differences

between these two models that account for the differences in their

predictions. The lowest-frequency mode of oscillation, reheater 1

against reheater 2, was not observed in the acoustic model,

because the steam lines to the reheaters are small compared to

the steam mains (cross-sectional area ratio 1:13), and thus do

not allow effective flow coupling between the reheaters. The

inertial model predicts this oscillation when the resistances

in the pipes and control valves are set to zero, but not when

they are set to realistic values.

Both analyses predict the next two oscillation modes,

but the predictions of the acoustic model are higher by a factor

of ^ 2. This discrepancy is due to the assumptions regarding

the thermodynamic processes in the steam drums and reheaters,

as explained below, for the oscillation betv/een the steam

drums.

In the acoustic analysis, each steam drum is treated

as a gas-filled cavity, in which the gas undergoes isentropic

expansion, or compression. In the inertial analysis, thermodynamic
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TABLE 5

COMPARISON OF RESULTS FROM THE ACOUSTIC [3] AND

INERTIAL MODELS FOR THE EXISTING, FRICTIONLESS

G-l STEAM-MAINS NETWORK

OSCILLATION MODE

UNDAMPED NATURAL
FREQUENCY (Hz)

ACOUSTIC INERTIAL
MODEL MODEL

Reheater 1 against
reheater 2

Reheaters (in phase)
against rest of network

North steam drum against
south steam drum

Steam drums (in phase)
against steam mains

North steam mains against
south steam mains

Steam drums (in phase)
against steam mains

North steam drum against
south steam drum

-

0.38 and
0.43

0.66

1.22

1.61

2.62

2.91

0.14

0.19

0.33

1.07 to
1.34

1.34 to
2.79

-

—
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equilibrium is assumed at all perturbation frequencies, allowing

the body of saturated water to produce and absorb steam by

flashing and condensation, thus tending to stabilize pressure

fluctuations.

The effect on the natural frequency of these two

assumptions can be estimated by considering a simple system,

comprising vessels 'a' and 'b' connected by a pipe. The

linearized inertial model is given by three equations,

C sAP = -AW (10.1)

C. SAP, = AW (10.2)
b b

(Is+R)AW = AP - A P. (10.3)
3. O

For simplicity, we set R=0 and solve for the natural undamped

frequency,

Taking values from Tables Al (Appendix A ) , and Bl and B2

(Appendix B ) , we find

I = i (L1+L2+L5+L6) + £- (L?+L8) = 768.0 m-1

and C = C, = 5.978 x lO"" kg-Pa"1

3. D

From equation (10.4)

f = 0.332 Hz
n

which compares favourably with the value given by the inertial

model (see Table 5). If we assume isentropic expansion and

compression, then
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_ _ Adjusted steam volume
— t- — - (10.5)

D (acoustic velocity)^

which, from Tables Bl and B2, is

-" kg-Pa"1

Hence

C = C, = 1.670 x 10-" kg-Paa ID

f = 0.628 Hz
n

which compares favourably with the value from the acoustic

model (see Table 5).

Similar arguments apply to the oscillation between

the reheaters and the rest of the network.

The inertial and acoustic analyses give comparable

predictions for the fourth oscillation mode, i.e. steam drums

against steam mains, even though the capacitance of the steam

drum in the inertial model is larger than that in the acoustic

model, by a factor of a. 3.6 (compare values of C, above).

Equation (10.4) provides an explanation for this apparent

anomaly. When two vessels of much different capacitances

oscillate against each other, the smaller one determines the

natural frequency. In the inertial model of the networks, the

capacitance of the steam drums is ^ 11 times larger than that

of the fictitious steam-mains volumes, when thermodynamic

equilibrium is assumed, and ^ 3 times larger, when isentropic

compression/expansion is assumed. On the basis of equation (10.4),

the ratio of the corresponding natural undamped frequencies, i.e.

equilibrium/isentropic, is 'v 1.11, which shows that varying the

steam-drum size has little influence on this oscillation frequency.

As already mentioned, the oscillation between steam

mains, predicted by the inertial model, is subject to large

errors, because of the coarseness of the model. Similarly, the

model cannot predict the higher harmonics of the various

oscillations between the steam drums and steam mains, given by

the acoustic model (see Table 5).
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A comparison of oscillation frequencies for the

proposed network is presented in Table 6, for both frictionless

and nominal operating conditions. Looking at the results row

by row, we find that the first two modes, involving the

reheaters, are the same as for the existing network, discussed

above.

The next oscillation mode, i.e. steam drums against

reboilers, is predicted only by the frictionless, inertial

model. The frictionless, acoustic model did not include

reboilers since, it was argued, the flow control valves (which

would probably be of the drag type) would be reflective boundaries.

However, reboiler models were included in the analysis for

nominal operating conditions, but neither the acoustic nor the

inertial model predicts oscillations involving them, because

of the flow resistance at the control valves.

The fundamental oscillation between the steam drums

occurs as before, except that the acoustic model for nominal

operating conditions did not show an unequivocal resonance.

This is probably due to the high damping of this oscillation

(see Fig. 8).

The next oscillation, i.e. reboilers against reboilers,

is again predicted only by the frictionless, inertial model,

for the same reasons as given above (i.e. steam drums against

reboilers).

Oscillations between steam drums and steam mains

are predicted by both models, with and without friction. While

the inertial model predicts only the fundamental mode, the

acoustic model predicts the next harmonic as well, at approximately

twice the frequency of the fundamental. The range of frequencies

predicted by the acoustic model with friction stems from the

type of input disturbance at the turbine-governor valves, i.e.

whether symmetric or asymmetric.



TABLE 6

COMPARISON OF RESULTS fROM THE VJO'JSTIC [3] AND INERTIAL

MODELS FOR THE PROPOSED G-l STEAM-MAINS NETWORK

Frictionless Model Model for Nominal Operating
Conditions, with Friction

Oscillation Mode Undamped Natural Frequency (Hz) Damped Natural Frequency (Hz)

Acoustic inertial Acoustic Inertial

Reheater 1 against reheater 2 - 0.15

Reheaters (in phase) against 0.40 and 0.41 0.18
rest of network

Steam drums (in phase) against - 0.32
reboilers (in phase)

North steam drum against 0.67 0.34 - 0.31
south steam drum i

Reboilers 1 & 2 against - 0.47 - - '
reboilers 3 & 4

Steam drums (in phase) against 0.85 and 1.51 1.27 to 1.60 0.75 to 0.80 1.12 to 1.50
steam mains and

1.4 0 to 1.60

North reboiler line against 2.11 - 2.00 to 2.05
south reboiler line

Steam drums (in phase) against 2.50 - 2.45 to 2.65
steam mains

North steam drum against 2.68 - ambiguous
south steam drum

Steam drums (in phase) against 3.00 -
steam mains

North steam mains aqainst 3.34 3.16 to 3.25
south steam mains

3.12 to 3.24
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The oscillation between the reboiler lines is

predicted by the acoustic, but not the inertial, model. As

already stated, the inertial model, with only two steam-mains

volumes, is too coarse to account for the distributed piping,

and to predict the higher harmonics associated with these

oscillations. Also, mode identification for the oscillations

predicted by the damped, acoustic model becomes ambiguous at

higher frequencies (> 2.5 Hz), because of the distorted pattern

of the standing waves in the network.

From an overall viewpoint, we conclude that the two

analyses give compatible results. Differences are due to

different assumptions concerning the network boundaries and to

the distributed versus lumped formulation of the fluid-flow

equations. Thus, the inertial analysis predicts the lower

limit, and the acoustic analysis the upper limit, of oscillation

frequencies dominated by steam/water vessels (reheaters, steam

drums, reboilers). Oscillations dominated by the distributed

steam piping are better predicted by the acoustic model.

11. SUMMARY AND CONCLUSIONS

(i) The layouts of the proposed and existing steam-mains

networks at the Gentilly-1 Generating Station have been

defined for the purpose of hydrodynamic transient

analysis.

(ii) The steady-state parameters (flow, pressures, pressure

drops) at nominal operating conditions have been

calculated for both networks.

(iii) A linear, inertial model of the networks has been

derived, based on incompressible flow in pipes and

equilibrium thermodynamics in all steam/water vessels.

(iv) Two versions of the model (A and B) have been programmed

in the GISMO code, described elsewhere [4], and solutions

have been obtained for eight different cases. These were

combinations of
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- the existing, or proposed, steam-mains network,

- nominal operating conditions, or frictionless

conditions

- model Version A or B.

These cases were chosen to bracket, albeit only

approximately, the anticipated extremes in operation,

i.e. design steam flow and no flow, and extreme

locations of the fictitious volumes representing the

steam mains, i.e. Versions A and B.

(v) As expected, all cases were found to be stable in the

absolute sense, that is, any pressure or flow oscillations

are predicted to die out in both of the unforced networks.

(vi) The inertial model predicts three oscillation modes for

nominal operating conditions. They are identified

below, together with the damped natural frequency,

damping ratio and network configuration. The frequencies

for two resonances that were observed at G-l [1] are

shown in brackets.

Oscillation Mode Network Damped Natural Damping Ratio
Frequency, Hz

North steam drum against Both ^0.31 ^0.33 to ̂ 0.40
south steam drum

Steam main? (in phase) Existing 'VL.O to VL.3 (1.11) ^0.15 to MÎ.20
against the rest of the Proposed 'VL.l to M..5 ^0.15 to ^0.16
network

North steam mains Existing VL.3 to ̂ 2.8 (1.5) M).03 to M).13
against south steam Proposed M.I to %3.2 ^0.03 to ̂ 0.05
mains

In spite of the coarse treatment of the piping volume,

the calculated frequencies are in reasonable agreement

with plant data, obtained during commissioning of the

closed-loop system [1]. However, for oscillations

dominated by the piping, more accurate predictions of

modes and frequencies are given by the acoustic analysis [3]
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(vii) For the frictionless networks, additional oscillation

modes are predicted. For two of these, the reheaters

are the principal components, while for another two,

the reboilers are dominant. These oscillations should

be relatively easy to suppress by operational procedures,

such as applying sufficient pressure drop across the

respective valves on the steam lines feeding the

reheaters or reboilers.

(viii) The principal effect of the tie-line near the turbine-

governor valves, as suggested for the proposed network,

is to raise the natural frequency of the oscillation

between the north and south steam mains (see item (vi)

above).

(ix) The suggestion that pressure taps be installed in the

proposed tee junctions where steam will be diverted

from the turbine to the reboilers, is a good one. The

sum of the pressure vectors from these two locations

could be a useful signal for pressure/flow control.

(x) From an overall viewpoint, the inertial analysis

indicates that the hydrodynamic behaviour of the

proposed steam-mains network would be about the same

as that of the existing network, during disturbances

of low frequency (< 1 Hz), at nominal operating conditions,

No oscillations dominated by the reboilers would be

expected, and oscillations between steam drums would be

damped, as before. The acoustic analysis [3] should be

consulted regarding oscillations dominated by the steam

piping, and occurring at frequencies > 1 Hz.
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APPENDIX A

DIMENSIONS AND VOLUMES OF THE PROPOSED AND EXISTING

STEAM-MAINS NETWORKS AT GENTILLY-1

Tables Al to A3, together with their accompanying

footnotes, and Fig. 1 of the main text define the configuration

of the primary steam-mains network at Gentilly-1, both in its

existing form and in the proposed form, after modifications

to accommodate reboilers, feedwater heaters, throttling

disks and a second tie line.

TABLE Al

DIMENSIONS OF PROPOSED AND EXISTING STEAM MAINS AT GENTILLY-1

(see Fig. 1 for designation of line
segments and flow directions)

Elevation
Line Nominal Pipe Inside Actual Friction Rise in Flow-
Segment Diameter Schedule Diameter Length Length Direction

(inches) (m) (m) (m) (m)

la

2 a

3

4

5

6

7

8

9

10

24

24

18

18

24

24

16

16

24

24

60

60

60

60

60

60

60

60

60

60

0.5604

0.5604

0.4191

0.4191

0.5604

0.5604

0.3731

0.3731

0.5604

0.5604

18.29

18.29

7.85

7.85

66.57

50.31

9.09

6.85

23.29

25.94

76.70b

76.70b

c

c

126.9

91.10

40.79

38.55

53.17

41.96d

65.60
- . „,. d

-8.

-8.

0

0

-18.

-18.

6.

6.

0

0

67

67

53

53

10

10
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TABLE Al (continued)

Elevation
Line Nominal Pipe Inside Actual Friction Rise in Flow-

Segment Diameter Schedule Diameter Length Length Direction
(inches) (m) (m) (m) (m)

11

12

13

14

15

16

17e

18e

19e

20

21g

22

23

24

25

26

27

28h

29h

20

20

24

24

6

6

24

24

16

16

4

—

—

20

20

16

16

12

12

6

6

80

80

60

60

40

40

60

60

80f

80

40

—

—

80

80

80

80

80

80

40

40

0.4556

0.4556

0.5604

0.5604

0.1541

0.1541

0.5604

0.5604

0.3635

0.3635

0.1023

0.1968

0.5051

0.4556

0.4556

0.3635

0.3635

0.2889

0.2889

0.1541

0.1541

72

61

22

28

20

20

10

10

8

9

37

23

-

16

12

21

21

19

19

10

10

.48

.28

.91

.53

.00

.00

.74

.74

.75

.64

.2

.7

—

.50

.05

.64

.64

.86

.86

.63

.63

114.

111.

52.

58.

36.

36.

33.

33.

57.

58.

—

—

860.

66.

62.

83.

83.

71.

71.

29.

29.

9

3

79

42

01

01

03

03

12

01

-

-

0

82

37

36

36

94

94

71

71

1.00

1.00

10.01

10.01

3.89

3.89

6.93

6.93

0

0

0

0

-1.80

-1.80

2.00

2.00

4.65

4.65

0

0
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TABLE Al (continued)

NOTES

."'»' each steam drum, the two "16 in." connections were
treated as a sinqle "24 in." line, beginning at elevation
IQ'.'.'-O" dominai) and 6'-l" (nominal) west of the drum
centre Iine.

The entrance loss from the steam drum to the single
"?,4 in. " steam main was taken to be equivalent to 43
pipe diameters.

Under normal operating conditions, there is no flow to
the steam suppression tanks and hence no friction length
is required.

For the existing steam mains, the friction lengths of
line segments 9 and 10 are reduced by 20 diameters
because the tees branching to the reboilers are not
there.

For convenience, the additional tie line for the proposed
network (segment 19) was assumed to be located at the
elevation of the steam chests. Also, the actual lengths
of segments 17 and 18 (7.74 m) were increased by S m
each to account for the volumes of the steam chests.

This value was assumed.

The existing network has one "4 in." line, 37.2 m long,
leading to the deaeratov. At normal operating conditions,
there is no flow in this line and hence no friction length
is required. The proposed network would have two additional
lines tapped off adjacent to the "4 in." deaerator line.
These would lead to

- feedwater heater No. 6 ("8 in." dia., 8.33 m long) and

- feedwater heater No. 7 ("8 in." dia., 5.76 m long).

All three have been treated as a single equivalent line,
tapped off at the location of the existing deaerator line.
The length (23.7 m) was chosen to match the acoustic
behaviour of the three-line system and the inside diameter
of 0.1968 m to match the volume. The diameter of
0.5051 m and friction length of 860 m are required to
match inertial behaviour and steady-state pressure drop,
as derived in Appendix C.

The vo°frm&. of the "3 in." line to the hotwell and the
hotwell itself were lumped with the volume of the
reheated.
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TABLE A2

FRICTION LENGTHS OF PIPE FITTINGS

Fitting Equivalent L/D

90° long-radius elbow

45° long-radius elbow

( flow through one leg of run

flow through branch

Fully-open gate valve

Sharp-edged entrance for £

Sharp-edged exit from a <

of

"24

"6

12

run

in.

in."

in."

" line

line

line

20

10 (assumed)

10

50

13

431

672

7 7 3

NOTES

1 Calculated from a resistance coefficient of 0.5 and
Darcy friction factor of 0.0117.

2 Calculated from a resistance coefficient of 1.0 and
Darcy friction factor of 0.015.

3 As in (2) but friction factor of 0.013.
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TABLE A3

STEAM AND WATER VOLUMES ASSOCIATED WITH THE PROPOSED
AND EXISTING STEAM MAINS AT GENTILLY-1

(see Fig. 1 for volume identifications)

Item
Number Description

Total
Volume
(m3)

Void
Fraction

Steam Water
Volume Volume
(m3) (m3)

0.57c

0.50*

0.82c

0.82c

0.49e

1 to 29 Steam piping (modified network) 109.2 1

1 to 10, Steam piping (existing network) 73.34 1
13 to 18,
21,28&29

41 or 42 Steam drum, including upstream
volumes as detailed below

- one inner steam drum 24.6a

- one steam drum mixing region 6.8a

- 154 risers 5.1°

- 154 outlet end fittings 1.3

- 154 fuel channels 2.0

43 or 44 Reheater and hotwell, as
detailed below

- high-pressure side of
stage 3 of

- one reheater 38 0.50

- one hotwell l g 0.50g

45 or 46 Half of one reboiler with its
surge tank, as detailed below

- steam and water boxes on 3.7 1
one end of a reboiler

- one tube bundle (932 tubes) 2.81 0.73

- one surge tank 7.81-* 0.50"1

109.2 0

73.34 0

23.6 16.1

14.0
3 .4

4 . 2

1 .1

1.0

10.6
3 . 4

0 . 9

0 . 2

1.0

19.5

19

0.5

9.64

3.7

2.05

3.90

19.5

19

0.5

0.76

0.76

0 k



NOTES

a
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TABLE A3 (continued)

/:./'. Fournie?, Sheridan Park, private communication.

This value was assumed.

Basea on one typica L. foow path urea assuming thai 77 risers
are nominally 3 in. and 77 nominally 2-1/2 in. diameter.

Calculated at 100% reactor power, using Ahmad's slip
corre lation [14] .

From the FAZEFLO program, Chalk River, December 1972.

The outside dimensions of one steam reheater are about
"13 ft." dia. by "44 ft." long. Assuming that the walls
are "3 in." thick and that each of the 4 sectors (separator
plus stages 1, 2 and 3) occupies 1/4 of the total volume,
the volume of stage 3 is about "1330 cu. ft.". Assuming
that half of this is occupied by high-pressure steam, and
half by condensate, yields the numbers shown.

The outside dimensions of one hotwell are about "3 ft."
diameter by "8 ft." long. Assuming that the walls are
"3 in." thick, and that the water level is at the mid-plane,
yields the numbers shown.

Viewed from the primary-steam side, each reboiler consists
of two separate, but identical, flow paths, starting at the
downstream side of the control valve {e.g. item 75).
Line 27 leads to a steam chest that supplies one tube
bundle, from which the condensate drains into one surge
tank. The steam in one steam chest, tube bundle and
surge tank comprises one volume, such as item 45. There
are four reboilers and hence 8 such volumes. The outside
dimensions of one steam/water box are about "5 ft. 6 in."
dia. by "6 ft. 3 in." long. Assuming a wall thickness of
"2 in." and a baffle plate of "0.5 cu. ft." yields a
volume of about "130 cu. ft."or3.7m3. It is assumed
that both the upper and the lower halves of the box are
occupied by steam.

N. Lapierre and P.O. McMorran, private communication.

The surge tanks will provide an 80-second holdup of design
condensate flow. Assuming that the level is at the mid-
plane, this yields a total volume of 7.81 m3.

The condensate is expected to be subcooled to the extent
that it will not flash into steam during normal pressure
oscillations, and hence is not included in the capacitance
of the vessel [11].
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APPENDIX B

REFERENCE PARAMETERS FOR THE PROPOSED AND

EXISTING STEAM-MAINS NETWORKS AT GENTILLY-1

Input parameters for the inertial analysis, that is,

thermodynamic properties, adjusted volumes, design flows, and

pressure drops across control valves are summarized in Tables

Bl to B3.

TABLE Bl

THERMODYNAMIC PROPERTIES OF STEAM AND WATER AT 5.14 MPa

Symbol Description Value Units

vf Specific volume of
saturated water

v Specific volume of
^ saturated steam

vfg vg " vf

V Viscosity of saturated
" steam

f. Properties function for
saturated water

f2 Properties function for
saturated steam

1.290xl0"3

3.829x10-*

3.700xl0-2

1.8O9xlO-5

1.336xlO"9

6.897X10"9

Pa«s

acoustic velocity in steam 463 m-s
-l



TABLE B2

ADJUSTED VOLUMES FOR THE GENTILLY-1 STEAM-MAINS NETWORKS

(see Fig. 1 for volume identification)

Item
Number Description

Adjusted Volume (m3)

Proposed Network

Steam Water Mixture

Existing Network

Steam Water Mixture

41 North steam drum

42 South steam drum

43 Reheater and hotwell No. 1

44 Reheater and hotwell No. 2

45 One half reboiler

46 One half reboiler

53 North steam mains

54 South steam mains

34.5

34.5

30.4

30.4

15.1

15.1

10.9

10.9

16.

16.

19.

19.

0.

0.

0

0

1

1

5

5

76

76

—

-

19

19

3

3

-

_

3 . 3 4 '

3.34C

35

35

31

31

.8

.8

.7

.7

16

16

19

19

.1

.1

.5

.5

• —

—

19

19

12.2 0

12.2 0

i

I

NOTE

This volume yields a time constant of 2.4 s which was obtained -in the i>eboiler
simulation [11]•



TABLE B3

NOMINAL FLOWS AND PRESSURE DROPS IN THE GENTILLY-1 STEAM MAINS

(see Fig. I for component identification)

Identification Description Proposed Existing
Network Network

Outflow from one steam drum

Flow to one reheater

Flow to feedwater heaters 6
and 7, and to deaerator

Flow to reboilers 1 and 2,
or 3 and 4

Flow to one steam chest of
turbine

Flow to other steam chest
of turbine

Pressure drop across valve
at reheater

Pressure drop across flow-
control valve at reboiler

Nominal pressure in north
steam drum

w

W22 =

2W25

P

P

15 = W

W21

W23 =

= 4W26

W71

W72

73 = p

7 5 = P

P41

16

2W

=

74

76

24 ~

4W2?

214

2

77

150

45

0

276

207

5

.7

.4

.9

.6

.5

.31

kg/s

kg/s

kg/s

kg/s

kg/s

kg/s

kPa

kPa

MPa

214

5

—

209

209

276

-

5

.7

.58

—

.12

.12

—

.31

kg/s

kg/s

kg/s

kg/s

kPa

MPa

i

1
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APPENDIX C

EQUIVALENT CIRCUIT ELEMENTS

Single Pipe Run

Since the flow is considered to be incompressible,

two butting pipe segments can be treated as one equivalent

segment, whether or not there is an intervening resistance,

such as a valve. For example, the equivalent of

Apl5 + Ap29 = (Z15 + Z 2 9 M W 1 5

is Ap 1 5* = Z 1 5 # AW15 (C2)

where the definitions of the starred variables are self-evident.

Other elements of this type are summarized below.

z l *

V

Z 1 5 *

Z l +

= Z 2 +

" Z 1 5

Z 5 ( :

h = (]

+ Z 29 "

lx + I 5 ) S H

t2 + I 6 ) S H

( I + I

( R 1

" (R2

,)s +

+ R5)

+ v
( R 15 + R29

(C3)

(C4)

) (C5)

Z16* = Z16 + Z28 = (I16 + ^ S 5 3 + (R16 + R28 ) ( C 6 )

= Ap 1 6 + Ap 2 8 (C7)

Parallel Symmetric Pipes

The equivalent of the network upstream of the reboilers

becomes quite simple, because of the symmetry inherent in that

network. The sketch below illustrates the detailed, and

equivalent,networks.
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Dctailed:
61

25

23

27

75

"M

—ex

O
o
o

Equivalent: 61 23* 75*

For the detailed network, the pressure difference between

junction 61 and vessel 45 is

A p 23 Ap27 + AP75 + AP45 = Z23 AW23 + Z25 AW25

AW,
45 27

(C8)

Since the network is symmetrical, the flows are related as

follows :

W25

W27

IAW23

IAW25

(C9)

(CIO)
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i io ri c e

"£)2 3 + ^25 + "P27 + 'P75 + AP45 = (Z23 + | Z25 + | Z 2 7 ) AW23

+ iR75 AW23 + 4 Ï — AW23

The pressure difference between junction 61 and vessel 45* of

the equivalent network is

•P23*
 + A p75* + A P45* = Z23* AW23 + R75* A W23 + Y ^ AW23 ( C 1 2 )

By inspection of equations (CIO) and (Cll), the following

equivalent parameters are obtained

A P 2 3 * = Ap 2 3 + Ap 2 5 + Ap 2 ? (C13)

= A P ? 5 (C14)

Z23* = Z23 + 2Z25 + 4Z27

R75*

Y45*

= ( I 2 3

" 2R75

- 4Y45

?I27)S + (R23 + |R25 + K ? » (C15)

(C16)

(C17)

Equivalent parameters for the other chain, i.e. from

junction 62 to vessel 46, are analogous to the above:

= Ap22 + AP24 + AP26 < C 1 8 )

= AP76 ( C 1 9 )

Z22* = Z22 + 2Z24 + 4"Z26

= ( I22 + 1*24 + î ^ e 5 3 + (R22 + | R 24 + ÏR26> ( C 2 0 )
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R76* " 2R76

Y = 4Y = 4C
46* 46 46

Parallel Non-Symmetric Pipes

46

(C21)

(C22)

In the proposed G-l steam-mains network, three lines

will be tapped off the "16 in." balancing line, as sketched

below.

to feedwater heater No. 6

Junction. _jX] to f eedwater heater No. 7

'to deaerator

In the inertial analysis, these are replaced by a single

equivalent line and valve, items 21 and 77 on Fig. 1.

The known, assumed and calculated parameters for the

three lines are shown in Table Cl. A pressure of 5.171 MPa

was assumed at the junction.

All three valves in the above sketch are expected

to operate in the range of choked flow, so that the relation

between changes in upstream pressure and flow is given, in

terms of a resistance, by equation (5.15).

Let symbols with subscripts a, b and c refer to the

lines leading to feedwater heaters 6 and 7 and to the deaerator,

respectively, and those without a subscript refer to the single

equivalent line.
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TABLE Cl

STEAM LINES TO FEEDWATER HEATERS 6 AND 7 AND TO
DEAERATOR AT GENTILLY-1

Parameter

Nominal Size

Schedule

Inside Diameter, D

Length, L

Friction Length

Design Flow, W

Reynolds Number

Darcy Friction Factor

Frictional Pressure
Drop, p f r

Line Resistance, R

Line Inertia, I

Valve Resistance, R

(in)

(m)

(m)

(m)

(kg/s)

(kPa)

(m"1-s"1)

(nr1)

(m-.s-M

Feedwater
Heater 6

8

80

0.1937

8.33

29.71

37.17

13.47xlOG

0.0142

65.91

3547

282.8

137.3xlO3

Line to

Feedwater
Heater 7

8

80

0.1937

5.76

27.13

37.17

13.47xlO6

0.0142

60.20

3239

195.5

137.5xlO3

Deaerator

4

40

0.1023

37.17

54.60

3.53

2.42xlO6

0.0163

30.52

17 303

4526

1.457xlO6
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A statement of the mass/balance is

.A.W = AW + AW + AW (C23)

Also, a change in the junction pressure, APT, is given by
u

AP = Ap + AP (C24)

Substitution of equations (5.8) and (5.15) into (C24) gives

APT = (Z+R )AW (C25)
J v

Equation (C25) applies to any one of the lines and can be

substituted into (C23) to give

AP, AP, AP,, AP,
J _ Ja Jb Jc

VRZ + Rv Aa+Rva Zb+Rvb Zc+Rvc

which is simply a statement of parallel impedances, since a

change in junction pressure is common to all lines,

AP = AP = AP = AP (C27)
J Ja Jb Jc

Thus, from equations (5.9), (C26) and (C27), the impedance of

the equivalent line and valve is

I s + R + Rv =

where

Num = (Ias+Ra+Rva) (V+VïW ' V + W ( C 2 9 )

and
Den = (Ias+Ra+Rva) dh^^Rvh) + (Ias+Ra+Rva) x

( Ic B + Rc + Rvc ) + ( Ib s + Rb + Rvb > ( Ic s + Rc + Rvc ) ( C 3 0 )

Substitution of numerical values from Table Cl and collection

of terms gives
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Is+R+R
6.719x10- ( 1 + 6. 47x10"'s-^l. 32x10"'s'+8. 57x10" q s3

(C31)
(1 + 4 ;71xl0-3s+4.72xl0-rjs:')

= 67 190 + 118.3s - 2.84s' + 0.0083s3+ (C32)

For low frequencies, equation (C32) can be- approximated by

I +R+R = 118.3s + 67 190
s v

(C33)

To match the acoustic behaviour of the equivalent

line with that of the three lines, its length was chosen to

be 23.70 m. Hence, by equations (5.9), (5.10) and (C33), the

diameter of the equivalent line must be

D = 2 .70
.3TT

= 0.5051 m

Choosing an upstream pressure of 5.12 MPa gives a valve

resistance

R =
5.12x10*

v 37.17+37.17+3.53 = 65 700 (nT1 -s"1)

From equations (C33) and (C35) , the line resistance is

(C34)

(C35)

R = 67 190 - 65 700 = 1490 (m"1^-1) (C36)

From equation (5.11), the pressure drop is

p £ r = 1 4 9 0 * 7 7' 8 7 = 58.0 kPa

The Reynolds number is 10.8xl06, and the corresponding friction

factor is 0.0119. From Bernoulli's relation for frictional

pressure drop, the friction length of the equivalent line is

857 m.
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APPENDIX D

COEFFICIENTS IN MATRIX EQUATION

Version 'A' of Proposed Steam-Mains Network

The non-zero coefficients a. .in the 20x20 matrix
1 'D

given by equation (7.3) are summarized below.

= C 4 1 S

a 2 , 2 = C 42 S

C44

3 5 ,

3 6 ,

7,

a
8,

a
9,

5

6

7

8

9

4C45 + "

4C46S +

C53S

C54s

- (I, +

T45
4C.

T46

I5)s - (Rx + R5)

( D 3 )

44a 4 , 4 = C 44 S + TJl {D4)

4C4 5

(D7)

(D8)

(D9)

= - ( i + i ) S - (R_ + R.) (D10)
10,10 2 6 2 6

l i a i « " ( I 7 + ^ l 5 5 - ( R7 + R21 + «77'

12.12 = " ( I 8 + J 2 1 ) S " (R8 + R21 + R77^

13.13 = ( I 9 + X13 + X15 + T29)e " ( R9 + R13 + R15

+ R29 + R
7 3 ) (D13)
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a l 4 , 1 4 = " U 1 0 + J 1 4 + Z 1 6 + l28)S ~ ( R 1 0 + R 1 4 + R 1 6

+ R 2 8 + R74> ( D 1 4 )

a 1 5 , 1 5 = " ( I 1 1 + J 1 3 + Z 1 5 + X 2 3 + 1*25 + K ? + X 2 9 ) s

+ R73 + IR75} (D15>

al6,16 = " ( I12 + X14 + ri6 + X22 + ¥2A
 + \Z2S + T2^a

- (R12 + R14 + R16 + R22 + IR24 + ÏR26 + R28

+ R 7 4 + JR76) (D16)

al7,17 = ~(I15 + J17 + 12^)S ~ (R15 + R17 + R29 + R7.l + R73

+ R81) (D17)

al8,18 = "(I16 + Xl8 + 12S)S ~ (R16 + R18 + R28 + R72 + R74

+ Rg2) (D18)

a 1 9 , 1 9 = 'H** ~ ( R 1 9 + R 7 1 + R 7 2 + R 8 1 + R 8 2 } ( D 1 9 )

a20,20 = ~(I20

- (R20

ÏR26 + K ? + IR75 + èR76} (D20)

al,9 = a9,l = 1

a2,10 = aio,2 = ! <D22>

a3,13 = al3,3 = -1 ( D 2 3 )
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*3,15 = al5,3 = l ( D 2 4 )

a3,17 = al7,3 ' 1 ( D 2 5 )

a4,14 = al4,4 * -1 ( D 2 6 )

a4,16 = al6,4 = 1 ( D 2 7 )

a4,18 = al8,4 = 1 ( D 2 8 )

a5,15 = al5,5 = - 1 ( D 2 9 )

a5,20 = a20,5 = -1 ( D 3 0 )

a6,16 = 316,6 = -1 ( D 3 1 )

a6,20 = a20,6 = X ( D 3 2 )

a7,9 = a9,7 = - 1 <D33>

a7,ll = a U , 7 = 1

a7,13 = a13,7 = X

a8,10 = a10,8 = -1

a8,12 = a12,8 = 1

a8,14 = a14,8 = 1 { D 3 8 )

all,12= a12,ll= " r21 S " (R21 + R77 }

a13,15= a15,13= (I13 + X15 + I29 ) S + (R13 + Rl5 + R29 + R73 ) ( D 4 0 )

a13,17= a17,13= (I15 + ^ g * 5 + (R15 + R29 + R73 ) ( D 4 1 )
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a14,16 = al6,14 = (I14 + X16 + ht** + (R14 + R16

+ R2g + R74) (D42)

a14,18 = a18,14 = (I16 + h^5 + (R16 + R28 + R74' ( D 4 3 )

a15,17 = al7,15 = -^15 + J29)a ~ (R15 + R29 + R73 } ( D 4 4 )

a15,20 = a20,15 = ~(I23 + 2*25 + 4"I27) " (R23 + 2*25

+ JR27 + 2*75* (D45)

a l 6 , 1 8 = a i 8 , 1 6 = - ( I 1 6 + ^ S ^ - (R16 + R28 + R74>

a 16 ,20 = a 20 ,16 = ( I 22 + | J 2 4 + ï Z 2 6 ) s + (R22 +

IR24 + ÏR26 + J Ï W ( D 4 7 )

a17,19 ' a19,17 = " ( R 71 + R81 } ( D 4 8 )

a18,19 = a i 9 , 18 = (R72 + R82 ) ( D 4 9 )

Version 'B' of Proposed Steam-Mains Network

Most of the coefficients a. . for this version are the
1 1 D

same as for Version 'A', equations (Dl) to (D49), with the
exceptions noted below.

a9,9 = (I1 + X5 + Z7 + ^ l * 5 + (R1 + R5 + R7

+ R21 + R?7) (D50)

a10f10 -
 (I2 + I6 + Z8 + ^ l ^ + (R2 + R6 + R8

(D51)

(IR17 + R71 + R81} (D52)
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a 1 2 , 1 2 = 2 l j 18 S + ( i R 1 8 + R72 + R 8 2 ) ( D 5 3 )

a l 3 , 1 3 = U 9 + h3)S + ( R 9 + R 1 3 } ( D 5 4 )

a 1 4 , 1 4 = ( I 1 0 + I 1 4 ) S + ( R 10 + R 1 4 } ( D 5 5 )

a15,15 = ( I11 + J23 + ¥25 + khl^

+ (R n + R23 + |R25 + 1 R 2 ? + |R75) (D56)

a16,16 = (I12 + I22 + I12 4 + 4"I26)S

+ (R12 + R22 + |R24 + JR26 + J R ? 6 ) (D57)

a17,17 = (I15 + IT17 + X29 ) S + (R15 + ?R17 + R29 + R73) { D 5 8 )

a18,18 « (I16 + ^ 1 8 + ^ S 5 3 + (R16 + JR18 + R28 + R74> ( D 5 9 )

a19,19 " I19 S + (R19 + R71 + R72 + R81 + R82} ( D 6 0 )

a20,20 - (I20 + J22 + J23 + 1*24 + ^25 + TX26 + \Z21)B

(D61)

a7,17 - 'a17,7 * -1 ( D 6 2 )

a8,18 = "a18,8 - -1 (D63)

a9l = -1 (D64)

a9,10 » a10,9 " hi5 + (R21 + R77>

a9,13 = "(I7 + X21 ) S " (R7 + R21 + R77 ) (D66)

a9,14 = - ^ l 8 " (R21 + R77 ) ( D 6 7 )
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al0,2 = -1 ( D 6 8 )

al0,13 = " ^ l 3 " (R21 + R77> ( D 6 9 )

a10,14 = " ( I8 + X21 ) S " (R8 + R21 + R77> ( D 7 0 )

all,7 = -1 ( D 7 1 )

all,19 = al9,H = R71 + R81 ( D 7 2 )

a 1 2 8 = -1 (D73)

a12,19 = al9,12 = "(R72 + R82 ) ( D 7 4 )

( D 7 5 )

( D 7 6 )

( D 7 7 )

( D 7 8 )

( D 7 9 )

{ D 8 0 )

a14,16 = " I14 8 " R14 ( D 8 1 )

( D 8 2 )

(D83)

( D 8 4 )

( D 8 5 )

a13,l - "J

a13,9 « (]

a13,15 = "]

a13,17 = 2]

a14,2 = "]

a14,10 = (]

L
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