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Introduction

The thermal-hydraulic transients of the steam generator are
essential in the study of the overall system performance of both
nuclear and fossil-fueled power plants as well as for the design
of their appropriate control systems. These transients are de-
seribed here by a nonlinear dynamic model of the steam generator.
For efficient digital simulation of the overall system, the steam
generator model should be optimized for computation cost and
accuracy. Fine mesh models [1, 2]? give good representation of
the system dynamics at the cost of increased model complexity
and require a relatively small iteration time step for numerical
stability and convergence of the solution. To circumvent this
problem, a nonlinear dynamic model of the once-through sub-
critical steam generator [3] was formulated using the concept of
time-varying phase boundaries. This concept was first introduced
by Adams et al. [4], for analog simulation of a linearized model of
such a steam generator.

The basic model equations were derived form the integral
forms of the fundamental equations of conservation of mass,
momentum, and energy [5, 6] through the control volume ap-
proach. The numerical results for the transient response of
selected system variables were obtained by simulating the set
of nonlinear differential and algebraic equations on an IBM
370 computer using Continuous System Modeling Program
(CSMP III) [7].

The method of analysis and study of numerical stability and
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Dynamic Model of a Once-

Through Suberitical Steam Generator

A dynamic thermal-hydraulic model of a once-through subcritical steam generator is
presented which allows the investigation of power plant system transients. The three-
section (economizer, evaporator, and superheater) model with time-varying phase
boundaries ts described by a set of nonlinear differential and algebraic equaiions de-
rived from the fundamental equations of conservation of mass, momenium, and energy.
The transvent response of 8 process variables, due to & percent independent step dis-
turbances in & input variables at 100 percent load, is discussed.

frequency range of this model will be presented in a future pub-
lication. :

System Description

The once-through suberitical steam generator considered in
this analysis is typical of those used in gas-cooled nuclear power
plants. It consists of a large number of helically coiled tubes of
vertical orientation. Each tube was treated as a counterflow heat
exchanger. Hot gas (primary coolant) is circulated through the
shell of the steam generator from the top, and compressed water
(secondary coolant) is pumped through the steam generator
tubes from the bottom. Thermal energy from the primary
coolant (gas) is transferred to the secondary coolant (water/
steam) through the tube walls. The exchange of thermal energy
results in the cooling of the hot gas on the shell side of steam
generator and production of superheated steam on the tube side.

The model was based on the performance of a typical tube
shown schematically in Fig. 1(a).

Assumptions

The fundamental assumption of this study was that the dis-
tributed parameter process can be represented by a lumped pa-
rameter model using the concept of control volumes. In addi-
tion, the following assumptions were made:

(a)
(2]

(c)
)
(e)
(H

Further, the following parameters were evaluated and were

Uniform fluid properties over any cross-section.

Uniform and independent heat fluxes across the tube wall
for each section.

Identical flow through each of the steam generator tubes.
Steady primary coolant flow.

Constant primary coolant pressure.

Primary coolant treated as a perfect gas.
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Fig. 1(a) Schematic view of a single tube of steam generator with
time-varying phase boundaries

found to be negligible:

(a) -Axial conduction of heat in primary coolant, tube wall,
and secondary coolant.

(b) Velocity head of water/steam in each section.

(¢) Thermal radiation from primary coolant to tube wall.

Development of Model Equations

A typical tube of the once-through subcritical steam generator
was partitioned into three sections, i.e., compressed water (econo-
mizer), wet steam (evaporator), and superheated steam (super-
heater), as shown in Fig. 1(a). The length of each section was
allowed to vary with time. Thus, the other process variables
such as pressure, temperature, flow, etc, at these phase bound-
aries were also time-varying.

The model equations were devloped using control volumes with
time-varying control surfaces as shown in Fig. 1(a). A model
solution diagram indicating the input and output variables is
given as Fig. 1(b). The model equations for secondary coolant,
primary coolant, and tube wall are discussed below:

Secondary Coolant. Variations in thermodynamic properties
of the secondary coolant in different phases and the effect of
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Fig. 1(b) Steam generator model solution diagram

relative velocity with respect to the moving phase boundaries
required the formulation of model equations in unique ways.

The continuity equations for the secondary coolant in each
of the three regions are as follows:

Economizer
d(pal)/dt = (Wy — W3)/A + padlia/dt (1)
Evaporator
d(pdas)/dt = (W3 — W3)/A — pdl/dt + psdlis/dt  (2)
Superheater
d(pels)/dt = (Ws — Wq)/A — pedlis/dt 3)
where
Qo _ @y | i dln
dt di di dt

Energy equations for the secondary coolant follow for each
of the three regions:

Economizer

d(puslss)/dt = (Wiky — Wahs + @2)/A + pshodla/de (4)
Evaporator
d(psuslss)/dt = (Wihs - Wihs + Qi)/ A — pahadlis/dé + pshsdlss/di

(5)

Nomenclature

A = tube cross-sectional area for
secondary coolant flow

for primary coolant

T = secondary coolant temperature
T, = primary coolant temperature

A; = inner circumference of tube K..; = heat transfer coefficient constants T. = tube wall temperature at mean
A, = unit cross-sectional area for pri- for secondary coolant radius
mary coolant flow K,r = product of absolute temperature t = time
Ao = outer circumference of tube and density of primary coolant U = heat transfer coeflicient
C, = thermal capacity of tube per unit km = thermal conductivity of tube u = specific internal energy of sec-
length metal ) ondary coolant
C, = specific heat of primary coolant 1 = length of tube or tube section W = secondary coolant mass flow rate
C, = specific heat of primary coolant P = secondary coolant pressure per tube with respect to tube
G = primary coolant flow rate per Q, = heat transfer rate from primary wall
tube coolant to tube wall z = quality factor
g = local acceleration due to gravity Q = heat transfer rate from tube wall 74 = delay time

h = specific enthalpy of secondary
coolant

K,,. = heat transfer coefficient constants

to secondary coolant
r; = inside tube radius
K; = fluid pressure drop constant re = outside tube radius f = average horizontal
rm = mean tube radius

p = density of secondary coolant

p; = density of primary coolant
inclination
of helically coiled tubes
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Superheater
d(ps’dslm)/dt = (I/Vshra - W’lh'] -+ Qa)/A - pshsdlls/dl (6)
For the economizer, combination of equations (1) and (4)

yields equations (7) and (8):

i)
dlyp/dt = [Wl - W ~ ("Bl—) (Wilhy — u2) — Wilhs — ug)
Our Jp,

dp2
+ Qz)/pz}/[/i ( (p2 — pa) + (pa/pz)(ai ) (hs — ) )]
U Py

Q)

where

dp: 0p 0p2
= [ = —_ P, = [ — 1
dp2 ( au'z >P2 d’ttz ( an >u2 d : <(")U2 Py e

for compressed water in the range of pressure of interest, and
dup /dt = (Wil — ws) — Wslhs — w2) + Qu)/A
+ psths — we)dlis/dl]/(pals)  (8)
For the evaporator, equations (2) and (5) yield
dlis/dl = [ps(hs — wa)dlis/dl — (Ws(hs — we) — Wilhs — )
+ Qu)/A + plssdua/dt)/(psths — us)  (9)

In the pressure range of interest (i.e., close to the critical pres-
sure), the thermodynamic properties of water/steam mixture
reveal that the partial derivative of specific internal energy
with respect to pressure changes sign monotonically between
0 and 100 percent quality. Thus, us was not chosen as a state
variable as it cannot be analytically formulated to represent
the lumped characteristics of the evaporator. Consequently,
s was chosen as a state variable and dus/di was computed as a
weighted average of the derivatives of fluid properties at the
evaporator exit boundary and economizer average point.
For the superheater, equations (3) and (6) yield

dus/dit = [(Wi(hs — us) — Wilhy — us) + Q6)/A
— ps(hs — ug)dlis/di]/(palsr)

In order to increase the size of the time step for numerical
integration, the continuity equations for the evaporator and the
superheater were combined together as,

(10)

d
m lps(lss + L)l = (W3 — W3)/A — padlys/di

which yields
dps/dt = [(Wy — Wi)/A + (ps — ps)dlia/dt]/(lss + Is1)

A study of the temporal acceleration term in the momentum
equations revealed very fast decaying transients due to low in-
ertia of the steam/water path. The control system and the
process external to the steam generator behave as low pass
filters with respect to these fast transients. Hence, these tran-
sients have little bearing on the design of control systems.
Further, the time step size of integration used in this analysis
is large in comparison to the period of these transients. Thus, the
temporal acceleration terms have been omitted in the momentum
equations as stated below:

(11)

Economizer

P, = Py 4 K12W12Z13/p2 - nglla sin 6 (12)

where the spatial average feedwater flow W, was taken to be
equal to the inlet feedwater flow Wi, as the coolant is incom-
pressible in this region.
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Evaporator

Ws = V(Py — Ps — paglss sin 0)ps/ (K yalss) (13)

where the average coolant flow W; through the evaporator was
set equal to the inlet flow W; in the evaporator.
Superheater

I’V7 = \/(Ps - P7 - pgglrﬂ sin 0),05/(1(/;,157) (14:)

where the superheated steam flow W5 out of the steam generator
was taken to be equal to the spatial average flow W; in the

‘superheater.

The saturated steam flow W; at the evaporator/superheater
boundary was computed as an arithmetic average of W, and W.

Transport Delay. Any change in enthalpy at the inlet of a
control volume is not immediately sensed at the outlet of that
control volume particularly in the case of economizer where the
velocity of flow and mixing of feedwater are relatively small.
The outlet enthalpy (saturated water) in this analysis was based
on an extrapolation of inlet and spatial average enthalpies.
Thus, to accurately represent the process, a transport delay
term 74 = Alisp2/W1 was necessary.

The effect of transport delay was approximated b/ a first
order lag equal to about half the transport delay. Op wational
changes in inlet enthalpy occur slowly (because of lerge thermal
inertia of deaerator) and thus the above equation rathe: closely
approximates the actual operating conditions.

Heat Transfer. Heat transfer from the primary coolant to the
tube wall and from the tube wall to the secondary coclait was
assumed to be due entirely to convection. Radial heat transfer
through the tube wall was due to conduction. The temperature
nodes in the tube wall were taken at the mean radius.

Convective heat transfer for fully developed single phase tur-
bulent flow was computed by Dittus and Boelter equation [8,
9]. Since the thermal and hydraulic property changes of the
primary coolant, compressed water, and superheated system
are insignificant in comparison to the changes in fluid velocity,
the heat transfer coefficient for a single phase fully developed
turbulent flow was expressed as, U = W»/K,, where W is mass
flow rate of fluid and K, and n are constants.

For a fully developed two phase flow, the heat transfer is
primarily due to nucleate boiling in the low quality factor
region and to partial film boiling in the high quality factor region
[10]. For nucleate boiling, the heat transfer coefficient has been
given by Levy [10] and was approximated as U « P4B(AT)2
The heat transfer coefficient for the partial film boiling regime
was obtained by using the data [10] given by Bertoletti, et al.
The average heat transfer coefficient between the tube wall
and the two phase coolant was obtained by graphically in-
tegrating the local heat transfer coefficient over the entire length
of the evaporator.

The rates of heat transfer [8] due to turbulent flow of the pri-
mary coolant over the tube walls in the three regions were com-
puted as Fconomizer

Qpr = Adis(Tor — Tnz)/[KgmaG08 + C (15)
where
Co = [roln (ro/rw)/km and r = (ro + 7:)/2
Evaporator
Qs = Addss(Tgs — Tona)/[KgmsG066 -+ Cy (16)
Superheater
Qus = Aodsi(Tys — Tos)/[KymsG 086 4 Co} 17)

The rates of heat transfer between the tube wall and the sec-
ondary coolant for the three regions were calculated as



Economizer
Qe = Aiis(Tz — T2)/[KnpsW1708 + Ci] (18)
where
Ci = [riln (ra/ri)l/km
Evaporator
, Qi = Ailss(Trns — Ta)/[Kmps + Ci] (19)
Superheater
Qs = Ailst(Tums — To)/[KnssW: 08 + (] (20)

Energy Equation in Tube Wall. The tube wall temperatures
T s and T at the economizer/evaporator and the evaporator/
superheater boundaries, respectively, were expressed in terms of
the average temperatures Ta, Twi, and T as

Tos = (s Tma + Uz Tma)/lis
Trs = Ut Tms + bsT'me)/ (s + Usz)

For the three regions of time-varying dimensions, the dynamiec
equations for energy storage in the tube wall were formulated
from the energy balance in the tube wall as shown:

(21)
(22)

Economizer
dTmZ
TR Qg2 — Q2)/(Cnlis) + (Tns — Ta)/lis)dliz/dt  (23)
Evaporator
dTm4
o (Qps — Q0)/(Cnlss) + ((Tms — Tme)/(ss + Is7))dlis/dt
+ (Tma = Toe)/lis)dls/dt (24)
Superheater
dTm(i
FTR Qg — Q6)/(Culst) + ((Tme — T'ma)/lss -+ Us7))dlus/dlt

(25)

Primary Coolant. The dynamic terms in the continuity equa~-
tions were not considered because the fluid at low linear velocity
was treated as incompressible. Further, the pressure drops due
to acceleration and friction were neglected since they are in-
significant in comparison to the absolute pressure of the primary
coolant. .

In the superheater, the energy equation for the primary
coolant can be expressed as

(ACuK pr)dlsr/dt = G(Tyr — Tos)Cy + ACoKprdhs/dt — Qps
(26)

For a linear temperature profile along the length of steam
generator tube, the average temperatures Ty, Tps, and Te of
the primary coolant were computed as arithmetic means of the
end point temperatures for each of the three regions.

Combining equations (17) and (26), and using the relation
Tgﬁ = (Tg'] + T,,5)/2 ylelds

Tys = [Tr(l — Yo) + 2YsTme — Yodhs/dt)/(1 + Ys) (27)
where
Ye = Ao 57/[2(K0m6(;’—0.66 + CO)GCP]J
and l
Y, = (Cp — C0)AK,r/(GCy) and Co = [ro In (ro/rm)}/kom.

Similarly, the energy equations for the primary coolant in the
evaporator and economizer regions yield

4

(28)
(29)

Ty = [Tl — Vi) 4 2Y4T s + Yodlss/dt]/(1 + Yo)
Ty = [Tl ~ Vi) + 2V2Tme + Yedhs/dt]/(1 + ¥3)

where

Vi = Aolss/[2(KgmiG08 + C)GC,)
and

Vi = Adia/[2(KmsG05 + Co)GC,)

I

A summary of the equation set which constitutes the model is
listed in the Appendix.

System Parameters. The system parameters were calculated
from the end point values of the process variables (e.g., pressure,
temperature, length, etc.) for each region at the rated conditions,
and the physical dimensions of the steam generator tube. These
data and the steady state model results are listed in Table 1.
The steady state values of average tube wall temperature were
determined from energy balance data. Knowing the friction
factors and steady state pressure drop, the steady.state values
of spatial average density for the secondary coolant were cal-
culated for each region. For two phase flow in the evaporator,
the Martinelli-Nelson correction factor [8] was applied.

From the knowledge of temperature and density at the
average points, the other properties were determined via the
thermodynamic state relations. The averaging constants were
then calculated from the steady-state values of individual varia-
bles at the inlet, outlet, and average points.

Results and Discussion

The steady state performance of the nonlinear dynamic model
was tested at the 100 percent and 50 percent rated conditions,
respectively. Table 1 shows that the model results agree favor-
ably with the heat balance data.

The results of the steam generator system simulation are
presented in the form of a series of curves representing the

transient response of the process variables at the rated conditions

for independent step increases in 5 different input variables.
In each case, the input variable under study was perturbed from
its operating point by a 5 percent step increase with the other 4
input variables held constant. The following 5 input variables
(Fig. 1(b)) were perturbed:

Primary coolant flow rate

Primary coolant inlet temperature !
Steam pressure at superheater outlet

Inlet feedwater flow rate

Inlet feedwater enthalpy

CUH WD

Five curves, each showing the transient response of a given
process variable to a change in one of the 5 input variables, are
displayed in a single figure. Fig. 2-9 show the transient response
of 8 different output variables for changes in each of the 5 input
variables listed above.

Run No. 1 shows the system transient response for a 5 percent

. step increase in primary coolant flow rate with the other 4 input

variables held constant. Increased primar’y coolant flow rate
increases the rate of heat transfer from the primary coolant to
the secondary coolant through the tube wall. The lengths of
economizer and evaporator (Figs. 2 and 3) decrease, whereas
the length of superheater (Fig. 4) increases. For constant outlet
steam header pressure and feedwater flow rate, the inlet feed-
water pressure (Fig. 6) increases, due to a larger pressure drop
across the steam generator tube (the largest pressure drop
occurs across the superheater). The temperature of steam leav-
ing the steam generator (Fig. 5), after a small initial dip, steadily
increases to a new steady state value. The enthalpy of saturated
water at the economizer/evaporator boundary (Fig. 7) increases .
and the enthalpy of saturated steam at the evaporator/super-
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Table 1 Physical dimensions, heat balance data, and steady state model performance

Dimensions of a Typical Steam Generator Tube

" length

349 ft
106.375 m

1. D.

0.06083 ft
0.01854 m

0. D.

0.08333 ft

0.02534 m

Rated steam flow rate

509, Rated steam flow rate

Process variables Heat balance data Model results Heat balance data Model results Remarks
G 1Ib/sec 2.19 2.19 1.235 1.235 Model
kg/sec 0.9934 0.9934 0.5602 0.5602 Input
hy Btu/lbm 347.0 347.0 293.4 293.4 Model
W-sec/kg 0.80693e + 06 0.80693e + 06 0.68228e + 06 0.68228e + 06 Input
ha Btu/lbm 1422.5 1422.6 1422.5 1424.2
W-sec/kg 3.30793e + 06 3.30813e + 06 3.30793e + 06 3.3119e + 06
ha  ft 176.0 175.94 172.0 173.7
m 53.645 53.627 52.426 52.944
Iy ft 82.0 81.78 90.0 90.38
m 24.994 24.927 27.432 27.548
Iy ft 91.0 91.28 87.0 84.92
m 27.737 27.822 26.518 25.884
Py psia 2848.0 2847.5 2536.0 2533.8
N/m? 288.57e + 06 288.52e -+ 06 256 .96e + 06 256.74e - 06
P;  psia 28180 2817.3 2524.0 2521.7
N /m? 285.53e + 06 285.46e + 06 256.74e + 06 255.51e + 06
P;  psia 2744 .0 2743.6 2500.0 2498.3
N/m? 278.03e - 06 278 .00e - 06 253.31e - 06 253.14e -+ 06
P;  psia 2600.0 2600.0 2462.0 2462.0 Model
N/m? 253 .45e + 06 253 .45e + 06 249 .46e + 06 249 .46e + 06 Input
Ta °F 623.6 623.64 562.6 561.68
°C 328.67 328.69 294.78 294.27
Ty °F 1247.3 1247.3 1140.4 1140.4 Model
°C 675.17 675.17 615.78 615.78 Input
Wi  lbm/sec 1.577 1.577 0.785 0.785 Model
kg/sec 0.7153 0.7153 0.3561 0.3561 Input

heater boundary (Fig. 8) decreases due to increases in pressure
at each boundary. The different enthalpy-pressure relationships
of saturated liquid and vapor near the critical pressure are im-
portant in the analysis of the dynamic behavior of once-through
subcritical steam generators. The rate of steam flow out of the
“sieam generator (Fig. 9) initially rises and then approaches the
original value as there is no increase in feedwater flow to sustain
the rise. The transient response curves of the system output
variables are almost monotonic and settle down in approximately
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' Fig. 2 Economizer length transients due to 5 percent independent
step increases in 5 input variables at 100 percent load (run #’s 1-5)

80 s. The time lag is primarily due to the thermal inertia which
consists of the thermal capacitance of the metal mass in the
tube wall and the thermal resistance in the heat flow path from
the primary coolant ot the secondary coolant.

Run No. 2 shows the same system transient responses for a 5
percent step increase in primary coolant inlet temperature with
the other 4 input variables held constant. Increased temperature
of the primary coolant increases the rate of transfer of thermal
energy to the secondary coolant through the tube wall. The
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Fig. 3 Evaporator length transients due to 5 percent independent
step increases in 5 input variables at 100 percent load (run #°’s 1-5)
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Fig. 4 Superheater length transients due to 5 percent independent
step increases in 5 input variables at 100 percent load (run #’s 1-5)

system transient responses for this run are qualitatively similar
to those of run No. 1; but the process variables are quantita-
tively more perturbed. i
Run No. 3 shows the system transient responses for a 5 percent
step increase in outlet steam header pressure with the other 4
input variables held constant. Since the feedwater flow rate is
unchanged, the fluid pressure throughout the steam generator
increases. Thus, the subcritical steam generator approaches a
supercritical steam generator which results in a large decrease
in the length of the evaporator (Fig. 3) and corresponding in-
creases in the lengths of both economizer and superheater (Figs.
2 and 4). Significant rise in water/steam pressure throughout
the steam generator tube causes a sharp increase and decrease
in the enthalpies at the economizer/evaporator and evaporator/
superheater boundaries (Figs. 7 and 8), respectively. The in-
crease in downstream header pressure causes an abrupt decrease
in steam flow rate out of the steam generator (Fig. 9) which
quickly settles down to the original value as there is no change
in the inlet feedwater flow rate. The temperature of steam leaving
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Fig. 5 Superheater outlet steam temperature transients due to 5

percent independent step increases in 5 input variables at 100 percent
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the steam generator (Fig. 5) increases initially due to the drop
in steam flow rate and then relaxes back close to the original
value as the rate of energy input to the system and the feedwater
flow rate are unchanged. All the system transients for the per-
turbation of outlet steam header pressure completely decay within
20 s. The response times for this run are faster than those for
runs. Nos. 1 and 2 because the disturbance, in this case, is hy-
draulic whereas those for runs Nos. 1 and 2 were thermal.

Run No. 4 shows the system responses for a 5 percent step in-
crease in feedwater flow rate with the other 4 input variables
held constant. Steam flow out of the steam generator (IFig. 9) is
unresponsive to the increased feedwater flow rate for a period of
approximately 2 s, and essentially equals the increased feed-
water flow rate within 50 s. For constant primary coolant flow
rate and inlet temperature, the temperature at all points in the
secondary water/steam path drops due to the increased feed-
water flow rate. Consequently, the lengths of economizer and
evaporator (Figs. 2 and 3) increase and the length of superheater
(Fig. 4) decreases. The inlet feedwater pressure (IFig. 6) increases
initially due to a larger pressure drop across the steam generator
caused by the increase in feedwater flow rate. Subsequently, the
decrease in superheater length (Fig. 4) overcompensates for the
increase in feedwater flow rate and the inlet feedwater pressure
asymptotically approaches a value slightly lower than its initial
value. The coupled hydraulic/thermal transients observed here
have response times which are intermediate between the thermal
transients of runs Nos. 1 and 2 and the hydraulic transients of
run No. 3.

Run No. 5 shows the system transient responses for a 5 percent
step increase in inlet feedwater enthalpy with the other 4 input
variables held constant. Each process variable (Figs. 2-9) dis-
plays an initial reverse oscillation with a subsequent asymptotic
behavior. Probably, these oscillations in the model results are
generated due to extrapolation of enthalpy (%s) of saturated water
from inlet and average point enthalpies (%; and k) in the economi-
zer. However, the long term transients of the process variables
can be justified for an increased thermal energy input to the
secondary coolant circuit at the economizer inlet. These transi-
ents are of the order of 60 s, reflecting the effect of thermal
transport delay and thermal/hydraulic time lag.

Conclusions

A three-section dynamic model of a once-through subcritical

steam generator with time-varying phase boundaries has been
presented. The steam generator under consideration was of the
type used in gas-cooled nuclear power plants. The system tran-
sients derived from this model are useful to the design of appropri-
ate control systems. Further, the model can be used as an element
in an overall system performance study of large scale nuclear
power plants. For application to fossil-fueled power plants, the
effect of radiation should be included in the calculation of heat
transfer from the flames/flue gas to the tube wall.

By including the temporal acceleration terms in the momentum
equations, this model could be used for microscopic flow stability
studies of individual steam generator tubes.
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APPENDIX

Summary of I:;,ﬁuation Set Constituting the
Mathematical Model

The following differential equations identify the selected state
variables as l, ug, ls, Us, P3, Tmzy Tmay T'ms, and hy, respectively:

d
dbs = w—-w, = [ 22 (W (b = )
dt 0w Jp,

— Wi (hs — u2) + @:)/p2 ]/
dp:
[A(Pz'"ﬁa‘i‘(ﬁa/ﬂz)(g%) (ha"uz))]
2 / py

% = [(Wl(h1 el uz) - W:;(hz; - u,q) + Qz)/A
+ pa(hs — ) dliz/dt]/(p2 lis)
%ll’? = [ps(hs — wa) dln/dt — (Walhs — ws) — Ws (hs — us)

+ Qu)/A + ps lys dus/dil/(ps (hs — ua))
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dus _ (W (hs — us) — Wi (hr — u) + Qe)/A

dt
— Ps (hs - Us) dlu‘,/dt)/(pe l57)
% = ((Ws — Wi)/A + (ps — ps) dlis/dt)/(Iss + lsr)
dTmZ
T Qg2 — Q2)/(Cr liz) + ((Tma — Tma)/lis) dlis/dt
dTm4
7 (Qot — Q1)/(C Iss) + ((Trms — Tma)/ (s + Is7)) dls/dt
+ ((Tm4 - Tm2)/l15) dlla/dt
d’;’l’zﬂ = Qg5 — Q6)/(Cr lsz) + ((Tims = Trma)/(los -+ Usr)) dlus/di
dhy .
i (hro — h)/(Alipa/(2W1)) where by, is feedwater enthalpy

The supporting algebraic equations are given below:
P, = Py + Ky Wi lis/p2 + p2 gls sin 0
Ws = V(P; — Ps — ps glss sin 0) ps/(Kralss)

Wy = V(Ps — Pr — pe glst sin 6) ps/(Kselsz)

Ws = (Ws+ Wo)/2and lis + bs + lsr = lis + lor = Iy
(a constant)
ng = AO l13 (Tzﬂ - Tm2)/(Kgm2 G 066 -+ CO)

where Co = [rolnn (o/rm)]/bm and 1, = (o + 7:)/2
Qus = Adlss (Tor — Trnt)/(Kyms G086 + Co)
Qps = Adolst (Tys — Tms)/ (Kgms G066 + Co)
Q: = Asliy (Twz ~ T2}/ Bmp W18 + Ci)
where C; = [rin (rn/r:)l/km
Qi = Ailys (Tws ~ To)/(Kngs + C)
Qs = Alst (Te — Ts)/ (Kngs Wr 08 4 C)
Ty = (Ty (1 — Ye) + 2 YsTus — Y,y dlis/dt)/(1 + Yoe)

]

]

where Vs = Adlsi/(2(Kgms G086 4 C0) G Cy),
Y, = (Cp — Co) Ay Kor/(G Cp) and Co = (1o ln (ro/7))/bm
T = (Tl —Y) +2Y: T + Y, dlzs/dt) /(1 + Ya)
where Vi = Ao ls/(2(Kyms G706 4 Co) G Cyp)
Tp= (Ta(l — Yy + 2V, Te + Y, dlis/dt)/(1 + Yo) L
where Yy = Aq lig/(2(Kyme G708 4+ Co) G Cp)
Toi = (Toioy + Toisn)/2,1 = 2,4, 6

The following process variables were obtained by thermo- ’
dynamic state relationship and/or averaging interpolation/ (
extrapolation: N

hs, Ps, Ts = f(ps)

P = Avi (Ps, Py)

ps, he, Ts = flus, Pe)

hy = Ave (hs, hs) Cy
Ty = f(h, Pr) '
by, py, T2 = f(u2)

hs = Ave (b, he)

Ps, p3, Ts = f(hs)

Ty = Avi (T5, Ts)

ps = Avi (ps, ps)
Ry Avi (hz, hs)
us = fhy ps)

dus . dus, du dps
U A iz} il 2ps
di v ( /2 (ap )z_l di

f( ) indicates a function

where

Avi( ) indicates value obtained by averaging
interpolation

Ave( ) indicates value obtained by averaging
extrapolation
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