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Abstract

An original modular mathematical model, based on physical laws, for steady state and dynamics performance
simulation of the WR21 gas turbine is presented in the paper. The model, developed in Matlab-Simulink language, is
organized in modular form. Each gas turbine component (i.e. compressor, turbine, combustor, heat exchanger) is
modelled in a specific simulator block, that simulates the performance of its pertinent component by means of steady
state performance maps and/or correlations, time dependent momentum, energy and mass equations, nonlinear
algebraic equations. The great application flexibility of the component simulator modules, allows to modelling any gas
turbine layout (i.e. axial or radial flow compressor and turbine, rotating shafts number, heat exchangers).

The WR21gas turbine, developed mainly for marine propulsion application, is a three shafts gas turbine with thermal
regeneration. It is characterized by a high thermodynamic efficiency, which remains high up to 30% of the design power.

The WR21 simulator results are validated by comparison with manufacturer or literature data. The WR21 gas turbine
main performances are compared to those of the LM 2500 gas turbine, obtained by a previously author paper. The LM
2500 is the gas turbine currently most used in naval propulsion plants. In the article, a comparison between the steady
state working data of the two gas turbines is reported in tabular and graphical form and commented.

Keywords: Simulation; Marine gas turbine; Intercooled recuperated gas turbine; Marine propulsion engine

1. Introduction

The gas turbine (GT) is characterized by a reduced weight-dimensions/power ratio, compared to other thermal engines,
such as: steam plants and internal combustion engines. The latter, in two and four-stroke diesel versions, are currently
preferred as prime movers in marine propulsion, due to the best compromise that they offer in terms of smaller size
(compared to steam plants) and greater efficiency (compared to GTs). Regarding the GTs, their use in the merchant and
passenger navy is practically nil. In the marine propulsion field, to remedy the GTs lower efficiency, compared to diesel
engines one, plant solutions called COmbined Gas And Steam (COGAS) have been proposed in literature [1-4], which
combine a GT with a bottoming steam plant, whose thermodynamic cycle is powered (thermally) by the GT Brayton
cycle waste heat. In [5,6] this solution is proposed for container ship propulsion, while for passenger cruise ships and
fast ferry this solution is examined in [7,8]. More recently, COGAS propulsion systems installation in Royal Caribbean’s
ship Radiance of the Seas, and Celebrity Cruise’s ships Millennium and Infinity are reported in [9].

Due its less dimensions and weight, the GT is used as prime mover in most naval propulsion systems [10,11], being in
these vessels type of minor importance the GT lower efficiency, and consequent higher fuel cost, compared to diesel
engines.
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The conventional GTs obtains they maximum efficiency at maximum load condition (Maximum Continuous Rating
(MCR)); said efficiency decreases rapidly as the load decreases. The WR21 GT has been specifically developed to
overcome this GTs defect [12,13], using the Brayton cycle thermal regeneration technique, this solution, together with
the compression intercooling, also increases the overall GT thermodynamic efficiency value [12-14].

The WR21-ICR GT simulator is developed stating to the LM 2500 GT mathematical model, developed by the author [15].
The GT model is written in Matlab-Simulink language and is organized in modular form. Each GT component (i.e.
compressor, combustor, turbine) is modelled in a specific simulator module.

After the WR21 simulator development and setting, its results validation is carried out by comparison between GT
model ones and data reported in literature, regarding both design and off-design WR21 GT working conditions. In the
article the WR21 performance and thermodynamic cycle data are compared with the analogues one, obtained from the
LM 2500 GT simulator, also described and validated in [15].

2. WR21 gas turbine

As shows in the scheme of Fig. 1, the WR21-ICR (InterCooler Recuperated) GT is a three shafts, two compressors and
three turbines device. An intercooler (INT in Fig. 1) is placed between the two compressors (LPc and HPc in figure). The
high and low pressure turbines (HPr and LPrt respectively in Fig. 1) are fixed blades type ones, while the power turbine
(Prin figure) is a Variable Area Nozzle blades (VAN) one [16]. After the power turbine, a cycle regenerator heat
exchanger (REG in Fig. 1) preheats the air leaving the high-pressure compressor (HPc) before it enters to the combustor
(Co).
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Figure 1 WR21-ICR gas turbine scheme

3. WR21 gas turbine simulator description

The WR21 GT simulator, developed in Matlab-Simulink® language, is developed starting to an also presented LM 2500
GT author simulator [15], whose basic approach is the intercomponent volumes method [17-20]. The WR21 GT model
is organized in modular arrangement. Each module simulates the pertinent GT plant component by means of tabular
data, correlations, steady-state and dynamic equations. Fig. 2 shows the overall WR21 GT Simulink model scheme; the
figure reports the input/output parameters exchanged between the simulator modules.
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Figure 2 WR21-ICR gas turbine simulator Simulink scheme
The GT simulator basic features are

e One-dimensional flow;

e Forthe fluid model the ideal gas equation is used, specific energy and enthalpy are function of temperature and,
for flue gas, also of gas composition [21], for the liquid, saturated enthalpy is function of the temperature and,
in the liquid mixture, also to the mixture components mass percentage composition;

e Distributed parameters process is simulated as lumped parameters scheme by control volumes;

Metal walls thermal capacity is not considered;

Dynamic and thermodynamic parameters are time dependent;

In the compressors, turbines and heat exchangers modules energy and mass accumulation is neglected;

The basic model modules are:

Compressor;

Turbine;

Van controller;

Combustor and intermediate volume;
Heat exchanger;

Shaft dynamics;

Inlet and outlet;

Propeller;

Load governor.

The modules: compressor, turbine, combustor and intermediate volume, shaft dynamics, inlet and outlet, have been
developed starting from the analogous ones already presented in [15], all the other modules are of new conception.

3.1. Compressor modules

In the low and high pressure compressors modules (LP compressor and HP compressor in Fig. 2) the input-output
parameters are:

Inputs: stagnation inlet and outlet pressure (p), stagnation inlet temperature (7:) and shaft speed (n).
Outputs: stagnation outlet temperature (75), outlet air mass flow rate (M) and shaft torque (Qc).

In the LP and HP compressors Simulink modules of Fig. 2, steady state performance maps are used to modelling these
components, by two 2D matrix [22]. The non-dimensional mass flow rate (Mc nd):
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M

Cnd
and the isentropic efficiency (7c) are expressed, both functions of the compressor pressure ratio (5 = po/p:) and non-
dimensional shaft speed (1.4 = n/VI)).

The effective outlet temperature (7T,) is given by:

1 pat
T, =T |1+ — |87 -1||i 2)

0 ]
e

where yis the ratio of specific heats (cp/cv).

By equation (1) the compressor mass flow rate (Mc) is obtained. The compressor shaft torque (Qc) is then determined
with:

_Mcc,(T,-T,)-60
Q. = o (3)

being shaft speed (n) expressed in rpm.

3.2. Turbine modules

The performance of these GT components is determined in similar way to the compressors; steady state maps [22] are
used.

The input-output parameters of this modules are (Fig. 2):

Input: stagnation inlet and outlet pressure (p: and p, respectively), stagnation inlet temperature (73), shaft speed (n);
further power turbine module (‘power turbine’ module in Fig. 2) inputs are: overall power turbine efficiency correction
from ‘van controller’ module (PT effcor van), overall power turbine non-dimensional mass flow rate ‘van controller’

correction (PT Mnd cor van).

Output: stagnation outlet temperature (T5), mass flow rate (Mr), shaft torque (Qr); further power turbine module output
is (Fig. 2): power turbine delivered power percentage (P %), referring the GT MCR load condition one.

Also in the turbine Simulink modules (Fig. 2), the steady state performance maps [22] are given in 2D matrix form. The
non-dimensional mass flow rate (Mrua4):

T
I\/lTnd = MT %

and the isentropic efficiency (7r) are both functions of the overall turbine pressure ratio (= pi/po)

and of the non-dimensional shaft speed (1nnq= n/vI):

M =Tfleng) o (5)

n,=f'(eny) (6)

The effective outlet temperature (7,) of the expansion is determined by:
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The turbine mass flow rate (Mr) is expressed by equation (4), while with equation:

My, (T, -T,)-60
Q = P o 8)

the turbine shaft torque (Q7) is determined.

3.3. VAN controller module

The input-output parameters of this module are (Fig. 2):

Input: power turbine stagnation inlet (T:) and outlet (T,) temperature, GT combustor fuel mass flow rate percentage (Ms
%), power turbine delivered power percentage (P %).

Output: overall power turbine efficiency correction from ‘van controller’ module (PT effcor van), overall power turbine
non-dimensional mass flow rate ‘van controller’ correction (PT Mnd cor van).

The WR21 power turbine (PT in Fig. 1) is a six stage one, the first with Variable Area Nozzle (VAN) [23,24]. The ‘van
controller’ module of Fig. 2 control the VAN nozzle area value in order to maintain constant the PT inlet stagnation
temperature (T7 and T7’ in Figs. 1 and 2 respectively) from full to low PT power, as reported in [24]. The VAN nozzle
area value change the overall power turbine isentropic efficiency (#r) and the non-dimensional mass flow rate (Mr nq)
as reported in [24,25].

In the ‘van controller’ module a PT efficiency and the non-dimensional mass flow rate first correction factors ((PT effcor
van and PT Mnd cor van Tespectively) are generated as function of the combustor fuel mass flow rate percentage (Mr«), that
is a ‘van controller’ module input (Fig. 2). These correction factors values are after adjusted by two PI governor to obtain
the desired PT inlet stagnation temperature values (T7’ in Fig. 2), that are a VAN module input.

Similarly to the LP and HP turbine, the PT Simulink modules (Fig. 2), employ the same approach based on the steady
state performance maps [22] given in 2D matrix form, where the non-dimensional mass flow rate (Mpr nqs) and the
isentropic efficiency (7pr) are both functions of the overall turbine pressure ratio (¢ = pi/po), the non-dimensional shaft
speed (nna= n/ Vi), eq. (5) and (6). In the ‘power turbine’ module the van controller effect is considered using the non-
dimensional mass flow rate ‘van controller’ module correction factor (PT Mud cor van in Fig. 2), for the original map non-
dimensional mass flow rate correction, and the ‘van controller’ module PT efficiency correction factor (PT effcor van, in
the same figure), to the isentropic efficiency correction. For the PT the egs. (5) and (6) are corrected as follows,
respectively:

M f (&, Mgy PT Mg o ) ©)

PTnd —
Ner = F'(&,ng, PT eff ) o (10)

As reported in [24], in the simulator the VAN area is fully open at PT 100% power, and fully closed (minimum area) at
40% one.

3.4. Combustor and intermediate volume modules

The variables and parameters considered in these modules are:
State variables: stagnation pressure (p) and total specific internal energy (u) of the plenum.

Input: fuel mass flow rate percentage (Ms%, in the ‘combustor’ block only, Fig. 2), stagnation inlet gas temperature (T3),
inlet and outlet gas mass flow rates (M; and M, respectively).
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Output: stagnation inlet and outlet pressures (p: and po respectively) and stagnation outlet temperature (7T5).

The GT combustor (‘combustor’ block in Fig. 2) is modelled as an adiabatic capacity, taking into account the time-
dependent accumulation of mass and energy equations, respectively:

%:ﬂ(Mi +Mf'Mo)

dt v (11)
du_ 1
s p_V(Mihi-Moho) + M LHV 7 e (12)

with: R the gas constant; T and V the plenum gas temperature and volume respectively; p the gas density in the plenum;
hi and ho the inlet and outlet gas specific enthalpy respectively; LHV the fuel lower specific value and n» the combustor
efficiency.

The combustor plenum state variables: stagnation pressure (p) and total specific internal energy (u) are determined by
dynamic equations (11) and (12) respectively.

In the ‘combustor’ module of Fig. 2, stagnation outlet pressure and temperature (psand Ts respectively in figure) are
determined by the equations:

The total pressure loss across the combustor (4pc) id determined as function of the plenum quadratic flow velocity by:

2
M
AP = Ko toss [pQ—"} .................... (15)

where: Keoioss is the combustor friction loss coefficient, and 2 is the cross-sectional area.

The inlet combustor pressure (p4 in the ‘combustor’ block of Fig. 2) is calculated by:

As reported in [15], in the GT without thermal regeneration, the ‘combustor’ module is naturally allocated between the
HP compressor and HP turbine simulator modules, as required by the input-output parameters organisation. In the
‘compressor’ and ‘turbine’ modules, the pressure values are requested as inlet flow section input parameters, while at
outlet flow sections the mass flow rates are calculated as output parameters. The contrary happens in the ‘combustor’
module where the pressures and the mass flow rate parameters assume an opposite role.

To this reason is not possible to connect in series two ‘compressor’ or ‘turbine’ modules, without interconnecting them
to a ‘combustor’ one (named in Fig. 2 ‘intermediate volume”).

The ‘intermediate volume’ modules calculation scheme is very similar to that used for the ‘combustor’ one, in this case
the fuel mass flow rate (Mf) is not considered in the input variables (Fig. 2), and in the dynamic mass and energy
equations (11) and (12) its value is put zero.
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3.5. Heat exchanger modules

Two counterflowheat exchanger modules are employed in the GT, the ‘intercooler’ module in the Simulink model (Fig.
2, ‘INT’ in the GT scheme of Fig. 1) and the ‘regenerator’ module in Fig. 2 (‘REG’ in Fig. 1). The first is located between
the LP and HP compressors, the second between the power turbine outlet and the combustor inlet (Fig. 1). These
modules are modelled in very similar manner.

The input-output variables of these modules are:

Input: fuel mass flow rate percentage (M), refrigerant fluid stagnation inlet temperature ( Trefi), cooled fluid stagnation
inlet temperature (Tw ), refrigerant fluid inlet mass flow rate (M1, in the ‘regenerator’ module only), cooled fluid inlet
mass flow rate (Mc i).

Output: stagnation refrigerant and cooling fluids outlet temperature (Trefro and Teo o respectively).

The thermal flows (@) exchanged in both modules are determined with the same simple approach, that employ the heat
exchangers efficiency (&), defined by equation:

_ dseffect exch M coi (hcoi - hcoo) — M refri (hrefro - hrefr i)
M refri (hcoi - hrefri )

¢theor exch M coi (hcoi - hrefri )

with the constrain:

Doy cttect oxch = Dretr etoct oy ++reveerersseevesse (18)

In equations (17) and (18): @effectexch and Prneorexch are the effective and theoretical heat flow exchanged; hcoiand heoo are
the cooling fluid inlet and outlet specific enthalpy respectively; hres-i and hrefr o are the refrigerant fluid inlet and outlet
specific enthalpy respectively; @co effect exch and Prefr effect exch are respectively the effective heat flow exchanged between
cooling and refrigerant fluids.

In equation (17) the heat exchangers efficiency (&) value is variable as function of the GT load. In the ‘intercooler’
module, from the data reported in [23,26,27], its value is increased from about 84% at GT full load to about 92% at 30%
load. The coolant fluid is a 50/50 mixture of water and glycol. The regenerator efficiency is varied between about 85%
at full load and about 89% to 30% one [26,28]. In the Simulink model, for both heat exchangers, the fuel mass flow rate
percentage (Ms in Fig. 2) value is defined in the 'load governor' module. In both heat exchanger modules, the fluid
pressure losses between inlet and outlet are neglected.

3.6. Shaft dynamics modules

The GT shafts rotational speed time variation are determined in this block type.

In these modules the input and output variables are (Fig. 2):

Input: turbine torque (Q_T), compressor or propeller torque (Q_C or Q_P respectively).
Output: shaft rotational speed (n).

In the module the shaft speed (n) is determined by the dynamic shaft equation:

dn 1
T 2n (Q -Qy) o (19)

where: ] is the rotor inertia; Qrthe turbine torque; Qs the brake torque (compressor or propeller torque).

3.7. Inlet and outlet modules

The GT inlet and outlet ducts pressure losses are determined in these two blocks, where the ambient conditions:
stagnation ambient pressure (pa) and temperature (T.) are provided as constant values.
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The ‘inlet’ module (Fig. 2) input and output parameters are:
Input: low pressure compressor mass flow rate (M1).
Output: outlet duct stagnation pressure and temperature (p, and T, respectively).

By equation:
po = pa - Apimoss ................ (20)

the stagnation outlet pressure (po) is determined, where Apin 1oss is the total pressure loss across the GT inlet duct, an
equation similar to (15) is employed to calculate this parameter. The outlet section stagnation temperature is
determined by the simple equation:

In the GT simulator ‘outlet’ module of Fig. 2, the input and output parameters are:
Input: inlet section mass flow rate (Ms).
Output: inlet section stagnation pressure (ps), being neglected the ‘regenerator’ fluids pressure loss.

In this module, its inlet section stagnation pressure is evaluated by:

P = Po + 4Dy i (22)

where the total pressure loss across the GT power turbine outlet duct (4pout) is determined with equation like (15).

3.8. Propeller module

In the ‘propeller’ module (Fig. 2), the propeller torque vs PT shaft speed law [28] is adopted. The input and output of
this block are:

Input: PT shaft rotational speed (ner).
Output: propeller torque (Qp), that include the overall shaft line mechanical loss.

3.9. Load governor module

The GT delivered power and torque (from the ‘power turbine’ module, Fig. 2) is defined by the ‘load governor’ block,
whose inputs and outputs are:

Input: PT shaft required and effective rotational speed (nse: and npr respectively).

Output: fuel mass flow rate percentage (My).

The load governor module manages the combustor fuel mass flow rate percentage (referring to the GT full power one),
by a PI governor, to obtain the required PT speed (nrr), and as consequence the PT delivered torque (Qpr from the ‘power
turbine’ block of Fig. 2).

4. Model application and validation

Tab. 1 reports the main WR21-ICR GT design (MCR) data [28]. The WR21 GT simulator modules have been set up on
the data reported mainly in [28] and in [12,23,24,29]. In the table BSFC is the GT Brake Specific Fuel Consumption.
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Tab 2 shows, as percentage difference, the difference between simulator and reference data, referring the main GT main
components, referred to GT design (MCR) working condition. The percentage difference (4x/x%) values reported in the
table are determined by:

Xeim — X
Ax/x% = =100 [%] ........... (23)
ref

with: xsim and xrerare the generic variables referred to GT simulator and reference respectively.

Table 1 WR21-ICR GT MCR data

GT parameter value
delivered power [MW] 25.2
PT speed [rpm] 3600
overall compression ratio (fer) 14.2

combustor outlet temperature (Ts) [°C]|1500
852
219.1

PT inlet temperature (77) [°C]
BSFC [g/kWh]

Table 2 WR21-ICR GT MCR load condition main parameters validation

GT component | parameter difference [%]
LP compressor | pressure ratio (f.rc) 0.14
inlet temperature (T1) 0.00
outlet temperature (72) 0.37
HP compressor | pressure ratio (Surc) 0.08
inlet temperature (T3) 0.17
outlet temperature (T1) 0.34
regenerator cold air outlet temperature (T4+) | -0.07
hot gas outlet temperature (T9) | 0.20
combustor fuel mass flow rate (My) 0.08
outlet temperature (T5) -0.89
HP turbine rotational speed (nup) 0.20
LP turbine rotational speed (ncp) 0.21
power turbine | inlet temperature (77) 0.00
outlet temperature (Ts) -0.10
delivered power 0.00
overall GT overall pressure ratio (fcr) 0.27
BSFC -0.90

Data reported in Tab. 2 shows a very good agreement between GT model and reference data, difference is generally less
to 0.4%, and only for two parameters reach 0.9%.
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To WR21 GT model results off-design validation, the GT PT load versus speed, reported in Fig. 3 [29], is adopted. This
law is referred to a ship variable pitch propeller characteristic [28].

110
100
90
= 80¢

;\QQQ ngﬁ 'LQQQ 'L‘-’QQ 'bQQQ '56QQ NQQQ
PT speed [rpm]

Figure 3 WR21 GT load-speed curve from a ship variable pitch propeller one

Fig. 4a and 4b reports, in the LP and HP compressors performance maps respectively, the compressor working
conditions trajectory from 100% to 10% MCR engine load. Figure shows a very good agreement between GT model and
reference data [13]. In the LP compressor, the working line curvilinear shape (Fig. 4a) is due to the VAN action effect, as
reported in [12,29].
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Figure 4 WR21 GT simulator working line in the LP (a) and HP (b) compressor vs GT load and comparison with
reference data

Fig. 5 aand b shows respectively the combustor outlet temperature and the GT Brake Specific Fuel Consumption (BSFC),

both vs engine load, and the comparison with reference data, [29] for Fig. 5a and [28] for Fig. 5b, also for these
parameters can be observed a good agreement between GT model results and reference data.

10
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Figure 5 WR21 GT simulator combustor outlet temperature (a) and BSFC (b) vs GT load and comparison with
reference data

5. Comparison with LM 2500 GT

In this article section the main WR21 data and their variation with engine load is compared to the analogues one of the
LM2500 GT, the most gas turbine type used in naval propulsion plants. The LM2500+G4 version is used for the
comparison, having the authors already developed and validated its simulation model in a previously paper [15]. The
LM2500+G4 is a two shaft GT, the first is the gas generator (comprising: compressor, combustor), the second shaft is
pertinent the HP turbine, that move the propeller through a reduction gear. The main design (MCR) characteristics of
this GT are: 32 MW of PT delivered power at 3600 rpm, 1430 °C of maximum cycle temperature and 36.9% of GT
efficiency.

Fig. 6a reports the combustor outlet temperature variation vs load of the two GT, figure shows that the WR21 GT has a
greater temperature and its value decrease much less than the LM 2500 one.
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%1500_ ' -_;___é__.‘_.--.'-'""""':i E. 900t;---..—'-..‘—'-.ﬁ'—-ﬂ--—-‘--—';.';.ﬂ-'
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a b

Figure 6 WR21 and LM2500 GTs combustor outlet temperature (a) and PT inlet one (b) simulators results vs engines
load

This difference between the two GT is due to WR21 variable section VAN action, that maintain almost constant the PT

inlet temperature to load variation (Fig. 6b), while this parameter strongly decrease in the LM2500 GT, as shows in Fig.
6b.

On the contrary, Fig. 7a shows that the LM2500 compressor inlet mass flow decrease slightly to the engine load
decrease, referring the WR21 one, while the overall compression ratio (much greater in the LM2500 than in the WR21,

11
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as reported in Fig. 7b) decrease in similar manner to engine load decrease (7.7 bar from 100 to 30% MCR load the WR21,
8.8 bar in the LM2500 GT)

'
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Figure 7 WR21 and LM2500 GTs compressor inlet mass flow rate (a) and overall compression ratio (b) simulators
results vs engines load

The GT efficiency variation to the load one, reported in Fig. 8, is very different between the two GT. In the WR21 this
parameter remains almost constant between 100 and 40% MCR engine load (with a maximum at 70% one), while
LM2500 efficiency always decrease to the load one. In the LM2500 the efficiency reduction in parallel to that of the GT
load in typical of the GTs, the fact that this does not occur in the WR21, in a wide range of GT load variation, confirm the
validity of the design choice for this GT, expressed designed to obtain these results, which is very important in the GT
application as prime mover in the ship propulsion plant.
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Figure 8 WR21 and LM2500 GT efficiency simulators results vs engines load
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INT:
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LHV:
LPc:
LPr:
BFSC:

VAN :
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o ref: reference
o T turbine

6. Conclusions

In the paper is presented an original modular simulator of the sophisticated gas turbine WR21-ICR, specifically designed
for vessel propulsion plants. In the article is reported a detailed GT overall model and its components (i.e. compressors,
turbines, heat exchangers, VAN and its governor) simulation description. The validation of the developed WR21-ICR GT
simulator, carried out by comparing the mathematical model results with reference data, shows the model validity in
the GT and its components performance determination in both design and off-design working conditions.

The comparison between the WR21 GT simulated performances with those of the currently most used GT in marine
propulsion plants (LM2500), reported and commented in the article, demonstrates the WR21 GT superior performance,
compared to LM2500 one, in design working conditions, but especially in off-design one. The detailed GTs performance
comparison and analysis, reported in the paper, is made possible by the detailed modelling of the two GTs, the WR21-
ICR carried out with the model here described, the LM2500 by an author’s simulator, already presented and validated
in a previous paper.
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