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ABSTRACT

A mathematical model describing the dynamic behaviour of each major component of the combined
cycle is presented. The formulae were deduced from continuity, momentum, energy, and state
equations. P.D.Es were discretized to algebraic equations by using the implicit backward-central finite
difference scheme and then solved by iteration. Explicit-Euler’s integration method was applied to
other D.Es. A multi-element control system was implemented to investigate its effect on the combined
cycle’s dynamic response. The results obtained were compared with the design and steady state
operational data of the unit number 4 in Cairo South Combined Cycle Power Plant showing good
agreement. The dynamic results proved the effectiveness of the multi-element control strategy to
control the combined cycle plant with fast settling time, neglected steady state error and moderate

overshoot or undershoot while assuring a stable operation under sudden changes of load.

Keywords: Combined cycle, steam power plant, mathematical modeling, dynamic response, heat

recovery steam generator, control.
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NOMENCLATURE:

2
Area, m

A
C,, C, Specific heats at constant pressure and volume, J/kg K = »
C

- Specific heat for metals, J/kg K

Error as a function of time
S

Friction factor, any function

e . 2
Gravitational acceleration, m™/s

Moment of inertia, kg/m”

Proportional gain factor

<

d, D  Diameter, m
E,

g

h

J

k,

L Tube length, m, Length, m
M Mass, kg

m Mass flow rate, kg/s

p Pressure, bar

P Power, W

Pr Prandtle number

Greek Symbols

Specific heat ratio C,/C,
Efficiency

Thermal conductivity, W/m K
Viscosity, kg/m/s

Density, kg/m’

Angular velocity, rad/s

e D™ RN SR

Entrance loss

Subscripts

c Controller
comp  Compressor

cond  Condenser, conduction

dc Downcomer

dr Steam-water drum

ec Economizer

f Fluid, saturated liquid

Jfg A change of phase at constant

pressure, from fluid to gas side

Top

Heat transfer coefficient, W/m°K, Enthalpy, J/kg

fin
Jn
Jp

gad
am
gt

st

SV

wh

wy

0 Rate of heat transfer, W

Radius, m

R Radius of gyration, m

Re Reynolds number

s Specific entropy, J/kg K

t Time, s, thickness, m

T  Temperature, K

T, Derivative time constant, s

T; Integral time constant, s

T, Settling time, s

u  Specific internal energy, J/kg,
Velocity, m/s
Specific volume, m’/kg

¥V Volume, m’

x  Dryness fraction, x-coordinate

vy Level, m, y-coordinate

From fluid to metal side
Fin

Feed pump

Gas, saturated vapour
Gas damper

From gas to metal side
Gas turbine

Inner

Load; power demand
Metal

Outer

Riser, reference, row
Steam, Superheated steam
Steam turbine

Steam valve

Water

Water header

Water valve
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1. INTRODUCTION

The investigation of the combined cycle dynamics goes in parallel with the investigation of
the steam cycle dynamics due to the common components between the two cycles. These
investigations were dedicated for developing the cycle design, the control problem, both from
operational and economical points of view, and consequently the cycle performance. A
summary is given below.

Steam separation in boiler drum was experimentally studied by [Faber, 1951]. The carry over
and entrainment were found to increase with increase in load and pressure. Mathematical
models of boilers [Chien et al, 1958] and steam generators [Debella et al 1966, Estrada et al,
1964 and Nahavandi et al, 1966] were also developed. Prediction of drum pressure and level
as well as their control, was also presented by [Eklund et al, 1973] using perturbation models.
In their work, identification of boiler drum dynamics, based on experimental data, was
handled through linear and nonlinear models.

Dynamic analysis of heat exchangers was either investigated theoretically [Eigner, 1966], or
using the transfer function approach [Schoéne, 1966], or using set of governing differential
equations [Wang et al, 1991].

Mathematical model of steam power plant under normal and emergency operating conditions
was presented by [Usoro et al, 1983]. The methodology was based on lumped parameter
approach and the equations were arranged in the state space form to be solved by integration
methods like Runge Kutta method. Another approach based on the basic equations of mass,
momentum and energy was directed towards the evaluation of the accidental transients in
thermal power systems [Mesarovic, 1990]. Advances and drawbacks of the well-known
space-time discretization and numerical methods applied to solve the nonlinear equations of
heat exchangers in combined cycles were discussed by [Dechamps, 1994]. Software package
for steady state behaviour of different elements of power plants was also developed by
[Divakaruni et al, 1990]. Dynamic benchmark tests on a number of thermal power plants
were also carried out by [Carvalho et al, 1991] to investigate the response time of different
modules and types. Eventually, combined cycle dynamics were modeled by [Dolezal et al,
1990 and Fujii et al, 1990].

Control of turbine power and speed [Dighe et al, 1976], power plant controller design [Astrom
et al, 1972 and Ray, 1980] and automation of single generator combined cycle plant [Baker et
al, 1975] were investigated experimentally and theoretically.

Another area of research, [Galopin, 1994], was directed towards the swell effect that happens
in the riser tubes and its effect on the drum inlet due to the resulting thermal stresses. In_this
paper, a mathematical model is presented to investigate the combined cycle dynamics with
much less approximations and handling some of the cycle components with different solution
approaches than previously applied. A proposed control scheme is also applied and tested with
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optimized control parameters. Comparison with the operational steady state data of unit
number 4 in Cairo South Combined Cycle Power Plant is also presented to test the model
accuracy.

2. MATHEMATICAL MODELING

2.1. Combined cycle components

The unfired combined cycle (the most commonly used in the electric utility power generation)
is modeled. It can be divided into eight modules: 1) Gas turbine simple cycle module, 2) Gas
dampers module, 3) Superheater module, 4) Economizer module, 5) Steam drum module, 6)
Downcomer-riser module, 7) Steam turbine module, and 8) Control system module.

t stack outlet gases
o] Ec.
f;’ ——|® Drum -
inle
[ Ev. S
3 (@J ® cooling fluic
| —
= sh.
T 0B \ T7~ )
)
oulet
Cooling fluid
inlet

gases

Fig.1 Schematic diagram for the CC modules Fig.2 Counter-cross flow heat exchanger

Fig.1 shows a typical single pressure combined cycle in which the modules 1-7 are illustrated.
These modules will be analyzed in detail for purpose of dynamic simulation of the combined
cycle of unit 4 in Cairo South power plant, which the authors were able to obtain its data.

Common_assumptions:

e The Gas turbine dynamics is not considered, as the gas turbine time response is relatively
faster than that of heat recovery steam generator.

o Inertia of the hot gases is neglected; i.e. velocity changes take place instantaneously.

o The heat loss to the surroundings is neglected.

2.1.1 Heat Exchangers

The superheater and economizer are counter-cross flow heat exchangers, Fig.2. The cooling
fluid flows through series of finned-tube banks normal to the direction of the heating fluid.
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Moreover, the banks are parallel to each other and are connected by U-turns. The evaporator
is purely cross flow. The tubes of the cooling fluid are vertical and perpendicular to the
direction of the gas flow but without U-turns. The cooling fluid in the economizer is
subcooled water but in the evaporator is wet steam while in the superheater is superheated
steam. In all exchangers, the heating fluid is the gas-turbine exhaust gases. Considering the
control element, Fig. 3, the energy equations (in x-y plane, neglecting temperature variation in
the third dimension) for gas, fluid and metal are:

gasa Oim E fin
‘_ I
¢ fm . cond /‘ {
gas E il tf"tp :
AX }
|

Q

Ay Qona|  fluid a

b o | F ig.4 Circomferential fin of
Fig.3 A finite element in x-y plane J/’m— ‘ rectangular profile
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The metal element is treated as a lumped system since Biot number is less than 0.1.

. s ,
Metal side O _Qent @, Iy OT 3)
ot pmeCm PmCm axz

The heat transferred within the element by convection from the gas or the fluid to the metal:

ng :thgm(Tg _Tm) (4)

Qfm :Athfm(Tf 7Tm) (5)

The convection heat transfer coefficient, h, is estimated, from the empirical formulae reported
in [Holman, 1986] and [Stultz, 1992]:

a) For the cooling fluid flowing inside tubes in the range 0.5<Pr<100, which covers all fluids
in boiler analysis:

h, = 0.023% (Re)*8(pr)04 (6)

fin
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b) For the heating fluid flowing across in-line tubes:

hgm = aDi(Re)b (Pr)o'33 @)

o

The constants a & b are obtained from [Holman, 1986] according to the tubes configuration.
Note that A, in Eq. (4) is the sum of the outer tube and effective fin areas as will be shown.

2.1.2 Heat Transfer from Fins:
Assuming circular ring fins, Fig.4, instead of spiral ones, the effective heat transfer area is:
Aﬁ " Effective = Aﬁ" >Total '77fn (8)

The following equation of fin efficiency fits the data of [Holman, 1986], within the range of
interest, with good accuracy:

_045 L) ) NOs ©)
Nown

Where L. =L;+05t; & 4,=t;.L,

2.1.3 Numerical solution of energy equation:

The x-y plane is divided into small meshes of lengths Ax and Ay, Fig.5. An implicit
backward-central finite difference scheme is applied to ensure stable solution. The
discretization equation for equation (1), as an example, is:

= (@l T ST ) ay, (10)
Where
1 ) +1
ye A AtAX be Atmg y ;
ngVI/vE VeNerpg

AA B t+1

L

= < , a,=l+a+b+s
Vepgcv i,j

—2
A, = 7rdDAx+%(dfh —d;)N 14, V, = AxAy —%dex N, = i , N, = Number of tubes per row

In counter-cross flow heat exchanger, the gas temperature varies in the x-y plane, while the
fluid temperature varies in x-direction only. Therefore there must be a way to match the gas
element with the fluid element passing through it. A proposed mesh numbering is suggested in
Fig. 5 by which the gas temperature looks to vary in x-direction as the fluid does. The fluid
elements follow the flow direction in a zigzag path so that the x-direction is reversed from row
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to row. The transformation equations given below are proposed to assign any gas element in
x-y plane:

Note that the first and last rows are gas-boundary elements. The following example illustrates
the application of these equations to element (3, 4):

K =5.(4-1) =15
J =N(3,4)=15+3 =18
J-1 =N(3,3)= 15-3+1 =13

J+1=N(3,5)= 15-3+1+2x5 =23

_’kf =N¥‘0-_1) 4?
J =N(ij) =k i X
J1 =N.(ij-1)=k -i+1 T
JHI=N.(ij+ )=k -i+1+2.N & :

This agrees with the numbers shown in Fig.5.

- (1D

N-1

Loop 1
Loop 2

J

Hint: This arrangement was originally devised for parallel-cross flow, which has reversed
fluid ends. It is still valid for counter-cross flow but the fluid velocity should be substituted
with negative sign in the fluid energy equation.

y 4 outlet gas boundary
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. il
/=5 [21 22 23 24 25 <
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] D s
. LT ] . ar
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. [ )
/=2| ho 9 B 7 5 > riser tubes e
wvater out » d
. owncomer
j=1| 1 2 3 4 5 o — O be
» r md
i=1 =2 =3 j=4 =5 x — ‘
inlet gas boundary Pun)water header
Fig.5 Proposed meshes distribution (N=5, N, =6) Fig.6 Drum and downcomer-riser loop

2.1.4. Boundary conditions

Inlet water, steam and gas temperatures are always known, while their outlet temperatures are
obtained from linear extrapolations. For the counter-cross flow exchanger elements:

Gas: T,(i,N,)=T,(i,N, 1), i=1->N,

Fluid: T,(N,,2) =T,(N, +1,2) (Fictitious point)

Top
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The riser heat exchanger, which is cross flow, is treated as one-dimension. Its fluid equation
needs not to be solved since the fluid temperature is assumed constant and equal to the
saturation temperature corresponding to the drum pressure.

2.2. Steam-water Drum and Downcomer-riser

The drum and downcomer-riser loop, illustrated in Fig.6, comprises the steam-water drum, the
downcomer tubes, the water header, and the riser tubes. The subcooled water flows from the
economizer tubes to the bottom of the drum. As the riser tubes receive heat, the water-steam
mixture, inside the tubes, rises up naturally to the drum while the water, in the drum, descends
in the downcomer tubes. This process results in a saturated-steam generation flowing out of
the drum. The governing equations for each component in the loop will be discussed hereafter.

2.2.1 Downcomer

From the momentum equation:

L, dma L,
— :(pdr_pwh)-'rgid
A, dt Vy
| (12)
Mdc V. de
- +
2. A dzﬂ (é: f dc Ddc )

The water specific volume is a function of the drum pressure according to the given
polynomial:

n
_ n—i
vdc - Zaip
i=1

2.2.2 Riser

Similarly, from the momentum equation:

2
Mdc Ve

L dm,

= o » + —
4 di (P = Par) AA,
i | (13)
gL m.v L,
—=r— C2+&E+ :
S L)
From the energy equation:
du % : : : am
L =L eh, —m,h, — L 14
dt AL (Qr+md dc m r ur dt ) ( )

rr
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Where

From the mass balance:

From the state equations:

Qr = _ZQﬁn
o,
dty = (mdc_mr)

X, =, —up) ug
v, =xv, +(1-x)v,

hr =u, + ParVr

(15)

(16)

(17

(18)

(19)

Equations (12-16) are integrated by Euler’s exiplicit method and then solved with equations

(17-19) to obtain the new values of mac,m,,u,,x, and p,,. The heat transfer rate in Eq.(15) is

obtained from the sumation of heat transfer rates over the riser elements as disscused earlier.

Assumptions for downcomer-riser loop:

e At any time interval, the water in the downcomer is assumed saturated water, corresponds to

the drum pressure, instead of subcooled. This means that instantaneous evaporation takes

place in the riser when drum pressure changes.

e Vapor and liquid velocities in the riser are identical.

2.3. Steam-water drum

The drum steam-water mixture is treated as a lumped system, at the saturation temperature

corresponding to its pressure, to avoid the complexity resulting from the calculations of

condensation as well as evaporation rates accompanied with the pressure changes. Referring

to Fig.6, the mass balance of the drum results in:

From the energy balance:

Where 0, = 4,M(T, ~T;)

Top

M,

= Mec+ My—Ms— Mdc
dt

du 1 . . .
o = Midr(Qmﬁ Mec hy, +my h,
der

dt

)

—mshy —mdc hy, —u

(20)
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The relation between dp& du is derived as follows: Since u=u £l gy

Differentiating both sides with resect to time and substituting for d¢/dt as d¢/dp.dp/dt (¢ could

be any property),
du dp dx,,
— = - tu, r 22
ar g Ry 22)
du du
Where g

S
(- L -
dufg ( xdr) b +x, .

Since v,M, =V, , then differentiating both sides w.r.t. time, considering ¥, as constant,

results in:
Vg dM g, dp dxy,
—r & = gy, ——v 23
M, dt B E g 23)
d d
Where dvg, = (l—xd,,)L-#xd,, De
dp dp
Solving Egs. (22 & 23), the final relations are:
du . Ug Vg dM
dt v, M dt
dl _ Jg dr (24)
dt deg
dug ———uy
2
ﬂ+ dufg Var der
d dt dvg, M, dt
Xar _ fg M (25)
dt v_fg d
U~ Use
vy,

Refer to Fig.7, the water level time derivative can be obtained from:

- N\

K+ +) |
Ldr

Fig.7 Longitudinal and cross section of the drum

Vw = Vdr - {Ldr [ardzr - (y —Tar )rdr sin a]

(zrdr _y)]}

+7[(2rdr _y)z[’ﬂdr - 3
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Differentiating this equation w.r.t. time yields:

dy dv,
—=—"/[2L +2y.1, -yr+ y(2ry, —y)] (26)

dt dt

The water volume derivative can also be obtained:

Since

1-xg,
v, = der

o

Dy - Loy e _pg, By D) 27)
dt » dt

Equations (21& 24-27) are solved together by Euler’s explicit method to obtain the drum
pressure, level and dryness fraction. Various properties and their derivatives are obtained from
least squared polynomial equations, which fit the steam data.

Assumptions for steam-water drum:

o There is no temperature gradient in both the vapor and liquid phases in the drum, and the
temperature is always the saturation temperature corresponding to drum pressure.

o The heat loss to the atmosphere is neglected.
2.4. Steam Turbine
2.4.1. Thermodynamics of steam turbine

The steam turbine power is obtained from:

Pgr = ’h»? (hs - hcond )7751 (28)
Where hcond. = hf + Xeond (hg - hf) IPmnd and
(S cond — S f )
Xeond = Pcond
ng

The enthalpy and entropy of the superheated steam are obtained from two-dimensional least
square equations, functions of pressure and temperature, specially developed for this work.

) C n—ln—i A
hy =ag+ ia,-T"H +3 b;p"™ +Y 5 ;T p! (29)
i=1 j=1" i=1 j=1 "
) C on—ln—i S
sy=do+ ST+ S ep" I 4SS f Tl (30)

i=1 j=1 i=1 j=1

The coefficients are given in the appendix.
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2.4.2. Shaft speed dynamic:

The turbine shaft speed is a function of the turbo-alternator rotor self-inertia and the
difference between the generated power and the load demand.

Jst%:ﬂt_ﬂs J.vt:Msz'Rszz (31)

Assumptions for steam turbine:

e The steam turbine dynamics is just the rotor dynamics due to the inertia of the turbine-
generator.

o The following effects are not considered:
Mass or heat storage in fluid, heat loss to atmosphere, extractions, metal temperatures, and
sealing steam.

2.5. Control Loops

The present work divides the control system of the steam part of a combined cycle unit into
three integrated control loops; each of them relies upon the action of PID controllers. The first
control loop controls the gas damper’s position, which determines the mass flow rate of the
flue gases entering the heat recovery steam generator. The second one controls the turbine
steam valve’s position, which determines the mass flow rate of the steam entering the steam
turbine. The third one controls the feed water valve position, which determines the inlet water
mass flow rate to the steam-water drum.

There are three control strategies to control the aforementioned loops; the single-element, the
two -elements, and the three-elements. The three- elements, however is adapted here because
of its effectiveness in controlling plant parameters.

2.5.1. PID controller

The control action is the resultant of the Proportional, Integral and Derivative actions
responding to present, past and anticipated errors respectively. The controller equation is:

1¢ dE
G, =k, (E,+—|E,dt+T, —* 32
Jé /7( t T[(J; t d dt) ( )

The velocity form of the discrete PID controller is, [see Sigeru et al, 1995]:
AG, :kp {Et —E _n +2A7t(Et +E _n)
' (33)

T
+i(Et —2E, n +Er-2m)}

Following is the application of Eq.(33) to the three-element control loop.
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2.5.2 Three-element control system

Referring to Fig.8, the gas damper controller is actuated by a control signal depending on the
corrective action of two variables. The steam and water valves controllers are actuated by
control signals depending on the corrective action of three variables.

2.5.2.1. Gas damper position control loop

The error between the transient drum pressure and its reference value is summed with the
modified error resulting from the difference between the power demand and the power
generated. The resultant error value passes through a PID controller, to determines the gas
damper position.

(F-P)

E(A,,) = —pa)+k
( gd) (pdr,r pdl) P,rhg P,

A4

gd

=AG(E(4y)) (34)

Data initialisation

Gas turbine module
P, T .m
gt g

st

Steam properties

Control module
mg > Mg, me

1
P T T~ s
Economizer)| Drum  ([Superheatei| Downcomer-risgfSt-turbing
Tg’ T,T, Po Yo Xge|| T Tp Ty m, Ihdc’ Xp PLN
[ I 1 I J
v

-Update variables
-Dynamic response
parameters

* Implicit scheme and
solution is achieved by
iteration

S **Explicit scheme and
7 solution is achieved by

marching procedure

Fig. 8 Three-element control loop Fig.9 Flowchart
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2.5.2.2 Steam valve position control loop

The error is the sum of the errors in speed, power and pressure.

P-P -
E(dy) =N, ~N+k =Sk | Parr — Par
P,

ms 4 Py Parr

Ad,, = AG(E(4,,)) (35)

2.5.2.3. Water valve position control loop

The error between the transient value of the drum water level and its set value is passed
through a PID controller giving the control action due to level transients. The error between
the steam and the water mass flow rates is passed through a second PID controller giving the
control action due to the difference in mass flow rates (this overcomes the problem of long
settling time resulting from the adverse effect of swell and shrink). These two control actions
are summed together to determine the feed water valve position. The reason for using the
second PID controller is that when a single PID controller is applied on the sum of the
aforesaid errors for drum water level and mass flow rates it sometimes leads to an offset in the
drum water level from its set value. This happens when the values of the two errors are equal
but with opposite signs. This causes the resultant error signal going out from the summing
point to the PID controller to be of zero value keeping the feed water valve at its position with
an offset.

E(vay) == E(vam) = I’h_y*l’hw

Ad,,, = AG(E(4,,,)) + AG(E(4,,,)) (36)

wvy

Finally, Egs. (34-36) are used to obtain the mass flow rates gas, steam and water:

mg = constant x Ay 37

ms = constant Ay, % pg (38)

My = constant x Ayya|2 % P, X (P — Par) (39)

Where all areas are obtained from their summation over the time plus the initial area at zero
time.
2.6. Overall solution

The equations of the eight modules of the combined cycle were solved together step by step
through a computer program written in FORTRAN language. The solution step was optimized
at 0.1 s. The flow chart, in Fig. 9, shows the major tasks of the program.
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3. RESULTS

The simulation is applied to the Unit 4 in Cairo South Combined Cycle Power Plant. The

maximum continuous rating is 180 MW; one third of it is produced by the steam turbine. The
main design parameters of the plant are shown in Table 1.

Table 1. Design parameters of simulated plant

Super |riser |Econo- |Down

heater mizer |comer
No. of tubes/row 60 60 60 3
No. of tube rows 8 16 12 1
Tube length, m 14.94 |14.94| 14.94 | 14.94
Tube outer diam. ,m | .0508 [.0508 | .0508 22
Tube inner diam. ,m | .0471 [.0478| .0473 .20
No. of fins per meter | 236 | 236 | 228 0
Fins thickness, mm 1.27 | 1.27 | 1.27 0
Fins length, mm 12.7 |19.05| 18.4 0
H.P. Drum length, m 7.188
H.P. Drum inside diameter, m 2.1336
Gas Turbine Air/fuel ratio 54:1
Lower calorific value of G.T. fuel, kJ/kg 45795
Gas turbine pressure ratio 11:1
Ambient temperature, °C 183

Table 2. Recorded and simulated data for
steady state performance of Unit 4 combined

cycle power plant

Recorded [simulated

H.P. steam mass flow rate, kg/s 48.7 47.7
L.P. steam mass flow rate, kg/s 8.4 8.6
HRSG gas mass flow rate, kg/s 404 414
H.P. Superheater outlet temp,°C 511 523
H.P. Economizer outlet temp.,’C | 265 263
HRSG stack gas temperature, °C 106 107
Table 3. Reference parameters

H.P. drum pressure, bar 65
H.P. drum level, m 1.4
Steam turbine speed, rpm 3000

Integral of square error

Fig. 10 Control parameters optimzation
for steam valve controller

Fig. 11 Control parameters optimzation for
level and steam valve controller

Table 2. shows a summary of this comparison. The model results agree very closely with the field

data with maximum deviation of less than 2.5%. So many cases of sudden change of load

(decrease and increase) were performed. The control parameters were optimized according to
the ITSE (Integral time of square error) method, settling time and maximum oversoot. Fig. 10
shows, for the steam valve controller, that ITSE is reduced by either increasing the
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proportional gain or decreasing the integral time constant. Similar trends can be shown for
other PID control parameters, see Fig. 11.

A case study of sudden 50% decrease of load for a period of 200 seconds followed by sudden
increase to the initial load for another 200 seconds was performed. This load cycle aimed at
investigating the time response of the steam pressure and water level in the drum, speed and
load of the steam turbine, mass flow rates in the cycle and many other parameters. The figures
that will be shown later are for high-pressure side of the cycle only.

As the load demand is suddenly decreased or increased, the control system responds by either
closing or opening the steam valve and the gas damper to reduce or raise the turbine power.
However, the power difference between the demand and the turbine output, due to time lag,
causes the turbine to run faster or slower than the reference speed for some time. The control
action continues to adapt the steam and gas flow rates so that the power difference is
diminished and hence the turbine speed is settled down close to the reference state, see figures
12, 15 & 20. The maximum speed variation corresponding to 50% load increase, Fig. 12, does
not exceed 1.5% of the reference speed. The corresponding settling time is less than 100s.
During the load cycle, the drum pressure, Fig. 13, responds in an opposite manner to the load
change due to the rapid decrease or increase of the steam flowing out of the drum, Fig. 15.
The drum water level and pressure are inversely related as shown in Fig. 13. Meanwhile, the
water flow rate entering the drum compensates for the water level, Fig. 15. The effect of
decrease or increase of the gases mass flow rate is strongly reflected on the riser and
downcomer mass flow rates and hence the riser dryness fraction as shown in figures 14 & 16.
The drum dryness fraction is inversely influenced by the drum water level as shown in Fig.
16.

The temperature time response takes longer time to reach the steady state compared to the
aforementioned parameters. Figures 17-19 show the temperature variation of gases, metal and
steam or water in the superheater, riser and economizer during the load cycle. The outlet
temperature of the steam in the superheater at part load, as shown in Fig.17, is a little higher
than that of full load. The metal temperature in the economizer exhibits a big overshoot in a
relatively short time as load increases from part load to full load, Fig.19. This may generate
sudden thermal stresses on the tubes material which should be taken into consideration during
the design stage. The gas temperature in the chimney is shown in Fig. 20 to take about 1200s
to reach the steady state. It can also be noticed that the chimney temperature at part load is
less than that of full load condition. Also the gas temperature at chimney exhibits overshoot as
high as twice as the steady state value at the point where sudden increase of load is applied.
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4. CONCLUSIONS

The dynamics of the combined cycle, which comprises gas turbine and steam cycle, is

construed by the behaviour of the steam part owing to the large stored energy in water, steam

and metal contained in their components. This work achieved the following major

contributions:

i- An improved mathematical model comprises:

—
=
1

- Numerical solution of the unsteady one-dimensional energy equation of gas, metal and
steam (or water) for both parallel and counter cross flow heat exchangers. A special
mesh arrangement was proposed by which the heat exchanger tubes have considered as
elongated to a single long tube while assuring the solution accuracy by maintaining the
conditions of each mesh and its neighboring ones as their original state. An Implicit
backward-central finite difference scheme was implemented to assure stability and
solution was achieved by iteration.

- Development of special accurate two-dimensional least square equations for the
superheated steam properties as functions of pressure and temperature. This provides
accurate properties with much less time than the common procedures based on
interpolations techniques.

- Careful treatment of the dynamic equations of the natural circulation in the downcomer-
riser system.

- Complete deduction of the dynamic equations of steam-generating unit.

Proposal and adaptation of a reliable three-element control scheme by which the plant was
fully controlled under sudden increase or decrease of load. The velocity form of the
discrete PID control equation was implemented and the control parameters were optimized
according to the ITSE. Hence the settling time and the overshoot or undershoot,
particularly for the steam turbine speed and power, could be minimized.
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Appendix

Coefficients of the two-dimensional least square equations (n=4, m=n+1) for the enthalpy
(kJ/kg) and entropy (kJ/kg K) of the superheated steam. They are valid in the range of
10<p<100 bar:

Ay =0.2232423411E+04
A; =-0.2251006839E-07
A, =0.3365725975E-04
A; =-0.1731630672E-01
A, =0.5587198355E+01
B, =0.1276617288E-06
B, =-0.7599058231E-04
B; =-0.1121216568E+00
B4 =-0.2801629105E+02
C,=0.2986812930E-06
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C,,=-0.4566812971E-06
C, 5= 0.8808462910E-07
C,,1=-0.4038557664E-03
C,,=0.4609439844E-03
C;,=0.1803216960E+00
dy =0.5704100845E+01
d; =-0.4373110825E-10
d, =0.6807799862E-07
d; =-0.3942215429E-04
ds =0.1320675721E-01

e; = 0.3583122300E-07

e, =-0.9934230700E-05
e; = 0.8530098417E-03

e; =-0.1053202668E+00
fi,=0.5358877882E-09
f,,=-0.6936110346E-09
fi5=0.2702712889E-09
£,,=-0.7331731091E-06
f,,=0.6799019094E-06
f3,= 0.3310164069E-03
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