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ABSTRACT 

A computer code 'TURDYN' has been developed for prediction of HP and LP turbine 

torque under thermodynamic transient conditions. The model is based on the conservation 

laws of mass and energy. All the important components of turbine systems e.g., high 

pressure turbine, low pressure turbine, feed heaters, reheater, moisture separator have been 

considered. The details of the mathematical formulation of the model and open loop 

responses for specific disturbances are presented. 
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1. INTRODUCTION 

A simulation model to study the nuclear power plant response to various transients is being 

developed in a structured modular format. It models various plant subsystems, their interactions 

and feedback effects. The system model developed includes subsystem component models for 

simulating the Primary Heat Transport (PHT) system, neutron kinetics, boiler, steam turbines 

and related controls. The turbine forms an important link between the reactor and the generator 

which operates in parallel with the other generators synchronized to the grid. The subject of 

transient performance of steam turbines has attracted power engineers for a long time and it is 

desirable for the designers to understand the transient performance of steam turbines for its 

proper operation. A number of steam turbine models have been developed for the simulation of 

the plant comprising both the plant secondary system and the turbine. For each of these 

subsystems of steam cycle linear and non-linearized models can be obtained, finally yielding 

the overall system dynamics. In earlier paper Girija Shankar et al. [1] have presented the 

development of both non-linear and linearized models of the steam turbine cycle. The 

development of the non-linear model by Girija Shankar et al was based on the one in IBM 

Report [2], which will be applicable for dry saturated steam, and results were compared with 

experimental data. Murty et al. [3] and K. Vani et al.[4] modified Girija Shankar's model for 

dynamic simulation of nuclear steam turbines, valid for saturated and superheated condition of 

the steam. A lumped parameter approach has been adopted by Murty et al. for deriving the 

thermodynamic condition of the steam and to realistically calculate the torque developed by the 

turbine instead of the usual method of representation with time constant. All these models are 

primarily aimed at the investigation of turbine cycle dynamic behavior but do not provide any 

information about the variation of turbines stage pressures during transient. The present work 

deals with the mathematical formulation of the processes occurring in the steam turbines and 

the development of computer code TURDYN'. This report presents the cycle behavior along 

with the stage pressure information during transient. The overall approach of the model Is 

demonstrated for a steam turbine of the earlier 750 MW(th) design version of Advanced Heavy 

Water Reactor (AHWR). Qualitative comparison of the model with the results available in 

literature shows similar trend. 
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2. PLANT DESCRIPTION 

The computer code 'TURDYN* has been demonstrated for the turbine to be coupled to the 750 

MW(th) design version of AHWR [5]. The simplified block diagram of the turbine system 

With its various elements is shown in fig. I. Since the steam coming from the steam drum is just 

dry, the moisture content keeps on increasing as the steam expands in HP turbine. The water 

part of the wet steam is removed in the 

Fig. 1 Schematic diagram of the turbine model 

moisture separator and the dry steam is superheated. In practicc superheating is carried out 

partly by the steam bled from the HP turbine and partly by the live steam tapped from the main 

steam line. But in the present model, for the sake of simplification, steam for superheating is 

considered to be taken from main line only. This superheated steam expands through the LP 

turbine and then enters the condenser. The condensed steam, i.e. feed water, flows through the 

moderator heat exchanger, LP heater and HP heater before it enters the steam drum. In the HP 

turbine, the bleed flow is tapped at the last stage of the turbine, and thus the entire flow through 

the HP turbine participates in producing HP turbine torque. On the other hand, in the LP 
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turbine, the bleed flow is removed at the 4 stage of the turbine. So the outlet steam flow of the 

LP turbine is less than the inlet steam flow. Therefore, the average flow (of inlet and outlet) is 

considered for producing LP turbine torque. The feed pump in between the two heaters raises 

the pressure from the condensate pump discharge pressure to steam drum pressure. The heat 

added by the feed pump to the feed water is taken into account, whereas the heat added by the 

condensate extraction pump to the condensate is neglected, as it is small in comparison to the 

heat added by the feed pump. 

3. GENERAL TURBINE THERMODYNAMIC MODEL 

The development of the model here is based on those due to Girija Shankar [1] & IBM [2]. 

i) Flow through throttle valves : 

In the case considered here, for the both main steam valve and secondary steam valve, the valve 

position is the linear function of the throttle valve opening area and is represented by simple 

linear model. 

w. = C x Am xP, (I) I m m I x ' 

w ^ C V A / l ' , (2) 

The above two equations are based on the assumptions that there is no enthalpy drop across the 

valve and the critical flow conditions prevail at the valve opening at all times, 

ii) Nozzle chest : 

Between the main steam throttle valve and high pressure turbine is the nozzle chest. The 

dynamics of the steam chest is represented using Calender's equation as[ 1,2] 

dt 

w i h , ~ W A , pc d P 
P . V , dt 1 - k , 

dpc _ w, - w2 _ _ _ _ _ _ _ _ 

The flow through the high pressure turbine can be written as 

(3) 

(4) 

(5) 

(6) 



where A u is a constant determined at the initialization period [6]. 

The above treatment involving calculation of enthalpy and pressure using Calender's equation 

(eqn. 5) is valid only in the superheated region. In order to overcome the difficulty that the 

AHWR steam cycle is based on saturated steam and Callender's relationship does not hold, the 

enthalpy of steam entering to the main steam valve is assumed slightly above saturated steam 

so that the steam entering high pressure turbine is superheated. But in the case of LP turbine 

there is no need of such type of assumption as the steam enters the LP turbine after reheating in 

the reheater to a superheated condition. 

iii) High and low pressure turbines : 

In this model, each stage (Fig.2) have been considered as a lumped node and the process in 

each node is characterized by the system of equations which describe the dynamic behavior of 

the working fluid in the volume and by quasi steady state momentum equations for the mass 

flow rates and by the equation of polytropic expansion. 

dw J. / \ 
— Vw2,-wb h p i / -w2 , ( 7 ) 

wbhp,=kbhpjxw2j (g) 

dw3. I \ < tw3 1 -^ L = lW3i-Wblp,/-W3i (9) 

wblpi ='Cblpi x w 3i (10) 

Turbine stage efficiency is influenced by many factors that include function of blade tip 

velocity and theoretical steam velocity. Blade tip velocity is proportional to turbine shaft speed. 

Therefore, turbine stage efficiency can be expressed semi-empirically [7] as, 

* M l - q . J I (11) SPEED xWjjKVg v ' 

Inlet steam entropy of each node is calculated from inlet pressure and enthalpy. Actual outlet 

enthalpy for each node is 

h*»i (12) 
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Where, isentropic enthalpy outlet for each node can be described as 

(72) 

For isentropic expansion, outlet pressure is obtained from thermodynamic parameter, inlet 

entropy's and isentropic outlet enthalpy. WASP code [8] (code for "Water and Steam 

Properties") has been used to calculate entropy and enthalpy at the outlet of both turbines' 

Moisture 
Mparator 

Rehcater 

wttpi 

wbbpi T» Cwtaw 

Fig.2 Turbine schematic with stages 

iv) Moisture separator : 
The steam leaving the HP turbine is wet. The moisture in the steam is removed in the moisture 

separator. The steam flowing from the moisture separator is just dry. 

w n u = ( w 2 - w b h p ) - w ' 2 

, h2 - hf _ w2 = - i - — - Wj 
\ 

(14) 

<15) 
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v) Reheater : 
The water part of the wet steam is removed in the moisture separator and the dry steam at 

pressure P, is superheated to temperature T, in the reheater by reheat steam drawn from main 

supply line as shown in fig. 1. 

(a) Main steam 

dt 
w 2 - w 3 (16) 

dh, 
dt 

Q r + w ' 2 h f - w J h , 

P.V, 
P , K - W 3 ) 

p,2vr 

P,=p(k ,h r -k I ) 

1 - k , 
(17) 

(18) 

(19) 

(b) Reheater steam 
Heat exchange in the reheater is assumed to be perfect and the dynamics of mass and energy 

balance are lumped at a single point. Pressure drop in the reheater is assumed to be zero. 

dw; 
dt 

w_ w I* F*_ 

dQ, Ç l . - T X w p . + w ' J x h , Q, 
dt 2xrI TI2 

T, = Pr/p,R 

(20) 

(21) 

(22) 

vi) Condenser : 
The condenser is modeled as a constant pressure node. 

vii) Feed heaters : 
Girija Shankar[l] derives the dynamic model of feed heater based on energy balance as 
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*) HP heater 

dh'„ Qm h . -h '^ . 
(23) 

dt Tfcl 

Q - ^ H ^ K + w J ( 2 4 ) 

b) LP heater 

<*H<W = QK2 , H'(W ~ HFT. 

dt T « W „ Th2 

Q u = H f W c ( W b h p + W r m + W ' p . ) ( 2 6 ) 

dw,
tp = w j - w ' 2 t w'^ + w^ ( 2 ? ) 

dt tU|> 

viii) Turbine torque model : 
The mechanical torque generated by the turbine HP cylinder is 

T H P = T
L n H p W 2 ( h c - h ' 2 ) (28) 

And a similar equation with corresponding values can be written for the LP turbine cylinder 

torque TLP = - ± - r \ L p W ; ( h , - h ' 4 ) (29) 
2 7 t ( 0 

Assuming a polytropic expansion, the isentropic and true exhaust enthalpies for HP turbine of 

the steam can be written as 

h 2 = h e - i i H P ( h c - h ' 2 ) (30) 

The isentropic exhaust enthalpy can be evaluated through the isoentropic exhaust quality as 

x = ( s 0 - s , ) / ( s v - s 1 ) (31) 

And 

hi = x h ¥ + ( l - x ) h , (32) 

WASP code [8] (code for "Water and Steam Properties") has been used to calculate entropy 

and enthalpy at the outlet of both turbines. The overall efficiency in the transient state is not 
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represented adequately by tihp a n d r ^ . As the steam flow through the turbine increases, the 

flow distribution of steam on the blading tends to be more uniform. So the leakage and losses 

are reduced. This has an effect on increasing overall efficiency with increasing flow rate. These 

factors are lumped in IBM model [2] as 

W . (33) 
( W J A » J ) - ( 1 - W L ) 

(wyv/3)-wL 
le f t* ' . (34) 

( w 3 / w 3 ) - ( 1 - w L ) 

1 » = iW*iThp (35) 

ILP -IcoxILP (36) 

Where, 

Ihp = 1u> = 0.86 (37) 

The total mechanical torque developed by the turbine is then 

TORQ = THP+T1P (38) 

And 

POWER = TORQ x 2n a> (39) 

4. RESULTS AND DISCUSSION 

To solve these algebraic and differential equations a computer code "TURDYN" has been 

developed and is used to study the turbine transient. The computational flow chart is depicted 

in Fig.3. Euler's method is used to solve the numerical equations. The code has been initialized 

by using input data of AHWR steam plant which has been generated by the steady state steam 

cycle analysis [9], ( given in Table - I ). The h-s diagram is as shown in I ig.4. A step change of 

3.3% increase in both main steam valve & secondary steam valve area is introduced (i.e. 3.3% 

increased steam flow rate) and the following changes are observed in various parameters as 

shown in Fig.5. A step change in throttle valve opening causes an instantaneous increase in 

flow to the nozzle chest, w r The flow rate to the HP turbine, w2 increases to the same value at 

about 20 sec (Fig 5a). The reheater pressure, Pr increases slightly because of the increase in 

density, prdue to the charging of reheater with steam (Fig.5b and eqn.18). As the steam flow 

rate increases, the reheater steam temperature, Tr increases very fast and then drops gradually 
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to a new steady state value which is higher than the steady state value at 100% flow rate 

(Fig.5c). The slight drop in Tr following the peak value is due to the gradual increase in steam 

density, pt(eqn.22). In the HP turbine, the torque increases suddenly due to the sudden increase 

in the steam flow to HP turbine (Fig.5d). However, it gradually drops to a new steady state 

value due to the slight decrease in enthalpy drops (hc-h'2) as given in eqn. (28). In the LP 

turbine, the torque increases gradually, with increase in the steam flow, w3 (Fig.Se). The 

increase in steam flow to LP turbine, wj is much slower than increase in steam flow to HP 

turbine, W|. The increase in the reheater temperature, Tr increases the enthalpy drops, (hr-h^). 

This increase in enthalpy drops also contributes to the increase in LP turbine torque (eqn.29). 

Thus the LP turbine torque keeps increasing gradually due to the increase in steam flow rate, 

W3and increase in enthalpy drops (hr-hu). For 3.3% step change in throttle valve area, the total 

torque (eqn. 38) increase, after steady state is reached, is 3.7% (Fig. 5f). Again to generate 

stage pressures at part load condition, step change in steam valve area is introduced. A step 

change of 10% decrease in both main steam valve & secondary steam valve area is introduced 

to calculate the stage pressure at 90% load. The stage pressure starts decreasing and stabilizes 

at new steady state value corresponding to 90% load (Fig.6). Likewise, step changes of 30% 

40% etc. have been given to get the corresponding steady state stage pressures at 70% 60% 

etc. loads. Then the steady state stage pressures are plotted against the percent of rated turbine 

steam flow (Fig.7). Plot shows that the stage pressure is a linear function of turbine steam flow 

rate. Variation of stage pressure with load shows the expected trends [5,6], Similarly this 

computer code is used to study the feed water temperature/enthalpy at part load conditions. 

Fig. 8 shows that following a 10% step change in throttle valve area, steam flow rate decreases 

instantaneously but the feed flow rate decreases slowly and matches with that of steam flow 

rate only after 75 sec. The feed flow changes are effected by the control parameter (eqn. 7 and 

9). This initial mismatch in steam flow rate and feed flow rate causes a sharp decrease in feed 

water temperature during the initial period (fig.9). But the feed temperature increases slowly as 

the difference between the steam flow rate and the feed water flow rate decreases. Finally the 

feed water temperature stabilizes at a new value as the feed flow rate matches with the steam 

flow rate. Likewise, step changes of 20%, 30% etc. have been given to get the corresponding 

steady state feed water temperatures at 80%, 70% etc. load. Then the steady state feed water 

temperatures are plotted against the percent of rated turbine steam flow (fig. 10). Fig. 10 shows 

that from 40% to 100% of the rated value, the feed water temperature is a linear function of 

turbine steam flow rate. 
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Set initial conditions 
in the cycle 

t = 0; start transient 
calculation 

>4 

Obtain derivatives 
for the conservation 

eqns. of mass .energy 
and volume 

Integration of the 
differential eqns. in 

time domain 

1 
Generate required 
output dat a at the 

Fig. 3 Simplified flowchart of the computer code "TURDYN" 
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Table 1 Important Design Parameters at full power level 

Reactor Power 750 MW(th) 

Steam generation rate 362 Kg/s 

Steam pressure 6.9 MPa 

Steam temperature 285 °C 

Pressure at inlet to HP turbine 6.7 MPa 

Flow at inlet to HP turbine 330.8 Kg/s 

Density of steam in the nozzle 34.8 Kg/m3 

Flow at outlet of HP turbine 299.2 Kg/s 

Pressure of steam at exit of reheater .557 MPa 

Temperature of steam at reheater exit 232.8 °C 

Flow at inlet of LP turbine 256 Kg/s 

Flow at outlet of LP turbine 238.8 Kg/s 

Pressure at outlet of LP turbine 8.4 xlO'3 MPa 

Feed water temperature 165 °C 

Entropy (s) 

Fig. 4 h-s diagram: turbine and reheater part only 
11 
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Fig. 10 AHWR Feed water Temperature as a Function of 
Turbine Steam Flow 

5. CONCLUSION 
The computer code 'TURDYN' has been developed for the analysis of turbine system coupled 

to AHWR. It is based on the model due to IBM and Girija Shankar. The conservation laws 

along with the pertinent empirical equations are applied to the system. No experimental data 

are available for comparison with simulation results of TURDYN'. However, comparison is 

made with results of Girija Shankar[l]. Response to the throttle valve change (3.3% step 

change) considered here is same as that considered by Girija Shankar. Comparison shows a 

similar trend.. The steam turbine model, presented here, is more complete than the models used 

in earlier authors. The data obtained from this study can be used as a analytical tool for Nuclear 

steam plant transient analysis. 
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NOMENCLATURE 

A n . A , *= cross sectional area for main steam flow at the throttle valves 

Am , Am constant which relates the flow and pressure drop in a turbine 
with many stages 

Cra ,Ct = coefficient used in determining steam flow through main and 

secondary throttle valves 

H*c = heat transfer coefficient in feed water heaters 

hrc = heat transfer coefficient in reheater 
h», h«, h2,hr,h/2,h/4 = enthalpy of main steam at throttle valve, nozzle chest, 

moisture separator, reheater and isentropic end points from 
pressure Pc and Pr, respectively 

Aha = enthalpy change associated with polytropic stage efficiency 

husin, h«» = actual enthalpy at the inlet and outlet of each stage 
respectively 

h*,,, = isentropic enthalpy at outlet of each stage 
hf, h'fw, hf*, h0 = enthalpy of saturated water in the reheater feed water leaving 

heater 1, feed water leaving heater 2 and water in the 
condenser, respectively 

kbhp, kbip = coefficients which indicate the amount of bled steam from the 
HP and LP turbines, respectively 

k| , k2 = constant in the Calender's emperical equation relating 
pressure, density and enthalpy of superheated steam 

Kp = constant in polytropic efficiency correlation for turbine (varies 

for HP and LP turbine) 

P». Pc. Pr = pressure in steam drum, nozzle chest and reheater 

Qhi, Q« = heat transferred in heater no. 1 and 2 , respectively 

Qr = heat transferred in the reheater 

R = gas constant 
Thi> th2, xri, Trt.T .̂Twî .Tup = time constants associated with heater no. 1, heater no. 2, 

reheaters for flow rate and heat transfer rate, with the HP and 
LP turbines and with the flow transfer from heater no. 1 to 
heater no. 2 respectively 

Thp , Tlp. = torque of high pressure and low pressure turbines respectively 
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net torque at the turbine shaft 

total effective volume of the nozzle chest and reheater, 
respectively 

specific volume of saturated water and steam, respectively 

steam flow rate at throttle valve, nozzle chest , LP turbine, 
before the moisture separator and reheater respectively 

bled steam from high pressure and low pressure turbines, 
respectively. 

water flow rate to reactor, collected in heater 2, and separated 
in the moisture separator. 

flow through each stage 

a constant which depends on ratio of turbine flow required to 
produce a net torque to rated flow of steam. 

secondary steam flow rate entering and leaving the reheater 
respectively 

steam quality 

nominal dry stage efficiency of turbine stage(varies for HP 
and LP turbine). 

stage efficiency. 

mean stage efficiency of the HP and LP turbines , respectively 

efficiency correction factors to take into account the reduction 
of rotational losses, etc. at reduced loads for HP and LP 
turbines respectively 

density of steam in the nozzle chest, in the reheater and at the 
turbine outlet 

frequency 

turbine stage number,(1 to n) 

Bauman wetness correction 

turbine speed 
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