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ABSTRACT

An inportant aspect of aircraft simulation is the nodelling of the propul sion
system At NLR aircraft propulsion system nodels are used for real-tine
aircraft simulation and for aircraft and propulsion system perfornmnce
anal ysis. This paper describes the NLR approach towards engi ne nodelling for
both real -time engine sinmulation and (off-line) perfornmance analysis and the
rel ati on between these two. For performance analysis NLR has devel oped GSP
(Gas turbine Sinulation Program). Wth GSP, both steady-state and transient
performance of any type of gas turbine can be anal ysed. Wth respect to real -
time engi ne nodelling, NLR follows an approach towards non-linear nodels with
thernmodynanic relations instead of wusing linear nodels resulting from
conventional system identification. In the presentation, both GSP and the
real -tinme nodel ling approach will be described and an overvi ew of applications
will be given.

SYMBOLS AND ABBREVI ATl ONS

AJF - Variabl e exhaust throat area

BPR - ByPass Ratio

Cf - Bypass ratio effect factor (GSP Fan conponent)
CFD - Conputational Fluid Dynamcs

dTs - Deviation from standard tenperature

EGT - Exhaust Gas Tenperature

EPR - Engine Pressure Ratio

FN - Net thrust

GSP - Gas turbine Simulation Program

fN2m n - maxi num N2 decel eration rate function
fN2max - maxi num N2 accel eration rate function
fNlcm n- maxi num Nlc decel eration rate function
f Nlcmax- maxi num Nlc accel eration rate function

FTIT - Fan turbine inlet tenmperature

HP - High Pressure (conpressor or turbine)

LP - Low Pressure (conpressor or turbine)

m - mass flow

Ma - Mach number

N1 - Fan rotational speed

N2 - Gas generator rotational speed

N2S - N2 as sensed by fuel control system

NLR - Nationaal Lucht- en Ruintevaart Laboratorium
(Nati onal Aerospace Laboratory, the Netherl ands)

Pb - Burner pressure (pressure in comnbustor)

PLA - Power Lever Angle

PTO - Power take-off

SQRT - square root

Theta - ratio of tenperature and sea | evel standard tenperature

TT2 - Total engine inlet tenperature

TT2.5 - Total HP conpressor entry tenperature

TT4 - HP turbine entry tenperature

WCFC - Fan core corrected mass flow

PRFC - Fan core pressure ratio

W - Fuel flow

WFPB - fuel control variable = W/Pb

Zp - pressure altitude

subscri pts:

c corrected to sea level standard inlet conditions
core - related to core engine (i.e. gas generator) flow
dBPR - due to change in BPR

dem - demanded by fuel control unit

des - design point

duct - related to bypass (fan) duct flow
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1 | NTRODUCTI ON

During the past decades, conputer sinulation has becone a powerful tool for
anal ysi s of the processes in gas turbine engines. Nowadays conputer nodels are
i ndi spensabl e for research and devel opnent in the gasturbine world.
Comput er nodels are also useful for the gasturbine engi ne user/operator or
aircraft conmpany installing engines in their aircraft. For optimzation of
instal | ati on, usage, diagnostics, health nonitoring and mai nt enance, extensive
anal ysis of engine performance is necessary. In these cases a conputer nodel
is very useful. For some analysis types a computer nodel is essential; for
other types it may replace expensive test prograns on a real engine.

At NLR, gas turbine engine nodelling is performed for both off-line and real -

time sinmulation. Of-line gas turbine engine simulation is applied for

- performance analysis: needed for diagnostics, solving handling and
performance problens experienced by engine/aircraft operators. A new
application is performance sensitivity analysis for defining condition
moni tori ng systens which use gas path anal ysis techni ques.

- performance prediction: providing data for aircraft per f or mance
cal cul ations, other (real-tine) simulation nodels and emni ssion cal cul ati ons.
The latter application receives rapidly increasing attention

Real -tine gas turbine engine nodels are devel oped for use in flight sinmulator

model s. Flight simulator nodels at NLR are generally used for research

pur poses, |ike devel opment of flight control systens.

Both off-line and real -tine nodels exist in a variety of types, with different

|l evel s of conpl exity, fidelity, accuracy and conputer per for mance

requi renents.

2 OFF-LINE MODELS

Of-line nodel s range fromsinple cal cul ati ons by hand to 3D CFD cal cul ati ons.
CFD conput ati ons cannot be perfornmed t hroughout an entire gas turbine, but are
limted to local areas in the gas turbine. However, by conbining |ocal CFD
model ling with | ess conplex overall gas turbine nodels, CFD analysis can be
performed which directly interacts with the performance of the entire gas
turbine (in reference 1 this concept is applied in a much broader sense). For
overall gasturbine performance analysis at NLR, less conplicated nodels
generally are sufficient. An approach still resulting in accurate perfornmance
data throughout the conplete engine is conponent stacking. Such nodels exi st
of conpositions of conponent nodels that are based on conponent
characteristics.

3 GASTURBI NE_SI MULATI ON PROGRAM

For (off-line) propulsion system performance anal ysis NLR has devel oped GSP
(Gas turbine Sinmulation Program). GSP is a conponent stacking nodel capable
of calculating both steady-state and transient gas turbine performance,
i ncluding detailed cal culation of secondary effects such as conpressor bl eed,
turbine cooling and power off-take. Besides being a perfornance prediction
tool, GSP is especially suitable for parameter sensitivity anal ysis such as:
anbient (flight) condition effects analysis, installation (losses) effects
anal ysis, analysis of effects of certain engine malfunctioning (including
control system mal functioning) and conmponent deterioration effects analysis.

3.1 History

The devel opnent of GSP was started at the Delft Technical University (TUD
Aerospace dept.) in 1986. At TUD, NASA s DYNGEN (Ref. 2) programwas used for
jet- and turbofan engine sinmulation. However, DYNGEN appeared to have many
problems with nunerical stability and had a poor user interface. As a
consequence, GSP was devel oped, inheriting features from DYNGEN. Significant
deficiencies of DYNGEN were fixed in GSP, especially the stability, the speed
of the numerical iteration processes and the user interface were inproved.

Devel opnment continued at NLR, where GSP has been converted to standard ANS
FORTRAN-5 and inplenented on a powerful mainfrane conputer. It appeared that
an addi tional anount of inprovenents, adjustnents and extensions to the GSP
program were necessary before useful simulation of a jet engi ne was possi bl e.
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Now, processes in the gasturbine are nodelled with nore detail, which has
inproved the accuracy. The nobst significant inprovenent has been the
devel opment of a fan nodel cal culating the separation into duct- and core air
described in section 3. 3.

An extension has been added in the form of a power turbine nodule, enabling
turboshaft engine sinulation. Further, the user interface has been inproved
and a nunmber of output presentation features have been added.

In its present state, GSP version 6.0 is a well-proven tool for detailed
performance anal ysis of any kind of gasturbine (turbojet, turbofan, turboshaft
engi nes and generic designs |like variable cycle gas turbines).

3.2 Model ling approach

Gasturbine simulation with GSP i s based on one-di nensi onal nodelling of the
processes in the different gasturbine conponents with thernodynamnic relations
and steady-state characteristics ("conponent maps"). Wth one-dinmensional
nmodel | ing, air and gas properties, thernmodynam cally averaged over the flow
cross-areas, are used in the cal cul ations.

A gasturbine nodel is created by arranging ("stacking") different predefined
conmponents (like fans, conpressors, conbustors, turbines and nozzles) in a
configuration simlar to the specific gasturbine type to be simulated. The
exit gas condition of a conponent then fornms the inlet gas condition of the
next conponent in the configuration

The processes in gasturbine conponents are determnined by relations anong 2 up
to 5 paraneters defined by conponent maps and thernodynanm ¢ equati ons. These
paraneters are air or gas properties and ot her paraneters such as rotor speeds
and efficiencies determ ning the conponent operating point.

GSP is an "off-design" nodel. A predefined design point is calculated first
froma set of user specified design point data. The deviation fromthe design
point is calculated by solving a set of non-linear differential equations (see
section 3.4). The equations are deternmined by the mass bal ance, the heat
bal ance and the power (energy) bal ance for all conponents.

In case of a transient sinulation, the differential equations include
time-derivatives. Then, in each tinme step, the solution represents a quasi-
steady state operating point.

3.3 Fan nodel

Wth the early GSP versions, significant deviation fromreality occurred with
simul ation of turbofan engines. This was due to the fact that particularly in
the fan, gas properties vary significantly over the cross flow area. Due to
the relatively long fan bl ades (resulting in a large difference in bl ade speed
from root to tip) there is a
substantial variation in |local fan
characteristics along the bl ades.
For a conpressor nodel, this is not outer fan casing
a problem since the air exits into

a single subsequent component, = y/ =
which requires the sanme averaged - %// .

air properties as input. ’/ o
Wth a fan however, part of the - . duct
exit flow enters the bypass duct / -

and part flows into the core ~

engine. The separated flows have - solitter
been subj ect to conpr essi on R *&
processes with di fferent

characteristics. Neglecting this

effect caused inaccuracies of up —_— core
to 10% in fan and (consequently)

overal | gast ur bi ne perf or mance —

paraneters. Therefore, the process range of

in the fan should be described fan stages

separately for the core- and the fan shaft/disks

duct fl ows using two separate naps. ==t - -0 = =

However, then the problem arises

how to divide the fan inlet flow Figure 1 Fan tstream lines in design
poi n
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into a flow using the core- and a flow using the duct nap characteristics.
These two flows are referred to as the effective map flows. Sinply using the
bypass ratio (BPR) for this division is not the answer, because the bypass
ratio varies significantly with changing engi ne operating point. For exanple,
the duct flow for a severely decreased (off-design) BPR can becone very snall.
If this flow would be taken as the effective flow for the duct map, the map
operating point is likely to exceed the stall limt.

In reality, this effect is conpensated for by flow somehow (radially) flow ng
fromduct to core side after being partly conpressed by the duct side of the
fan, thus snoothing the flow pattern along the radius (and as a result
decreasing the effective core map flow and increasing the duct side stall
margin). In GSP, the follow ng approach has been used to nodel this effect.
If uniformfan inlet flow (undisturbed, uniformdensity, speed, and pressure)
is assuned, imaginary stream ines can be drawn indicating which part of the
inlet floweventually will enter the duct or the core (Fig. 1). Behind the fan
there always is a splitter of some form dividing the flow The streaniine
hitting the stagnation point on the splitter's |eading edge, indicates the
boundary between the core- and duct flows in the inlet and fan; this is
referred to as the flow dividing streanline.

As a reference, the flow dividing
streamine in the gasturbine design
operating point (with the design S—

BPR, see figure 1) is used, from > -
which the core- and duct effective 7///////

flows have to be adjusted for off- V

desi gn operation.

In the off-design case the flow
dividing streamine wll change
position with varying BPR This
means there is flow across the
design point dividing streamine,
partly being conpressed by the duct
side and partly by the core side of
the fan (amgy in figure 2). This
part of the total flowis equal to
the difference between the flow
whi ch woul d have entered the duct
with a BPR equal to BPR,,, and the . ) )
actual flow according to the off- Figure 2 Off-design fan streamlines
desi gn BPR

BPR BPRjes
A =m, . -
Toeer = Mo - | BPR+ 1 BPR,, + 1 (1)

des

The ratio at which the core- and duct side of the fan each contribute to the
total conpression of Amgr can be represented by a factor Cf. Then Cf
determnes the effective map flows as foll ows:

BPR

des

Muee ~Mn- a2 * 9 - “Mbeer (2)

des

1
More ~Mn- BPR 71 O AMygep (3)

des

Cf can be considered representing the position of the dividing streamine. For
of f-design conditions, a part of amg, proportional to Cf is "shifted" to the
other map. There are two extrene cases:

In the case of Cf=1 (Fig. 3), amgx is entirely shifted to the other map flow
so that the dividing streamine remains equal to the design dividing
streamine. In effect, there are two totally separate conpressors, both taking
air fromthe same inlet and BPRis the ratio of the effective duct- and core
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map fl ows.

In the other extrene case of Cf=0
(EI fgt d4), no par't Of' IArTthPRa !S VO VI IINA
shifted. a remai ns included in - -
the nmap flrcrjhv?/PRof the side where it ,/////// -
entered the inlet and the dividing — . duct
streamine follows a |line detern ned /4

by the actual (off-design) BPR only
directing toward the splitter after
havi ng passed the last fan stage.
This neans that Amgr is fully — >~ G
conpressed by the side of the fan it
woul d flow through if the BPR woul d
be equal to its design value and only
then flows to the other side to yield
the specific off-design BPR The
effective duct- and core flows for
the maps are only dependent on the
design BPR and the total inlet flow, ) )
and i ndependent of t he Varyi ng Fi gure 3 df' desi gn fan stream |ines
off-design BPR In effect, both maps with Cf=1.

use the sanme uniform total inlet
flow, only scaled to their design
values according to the BPRy, ‘
const ant ..

The reality wll generally be
sonewhere between these extrenes
(0<Cf<1, see figure 2), depending on
fan and splitter design. A splitter
|l ocated relatively far behind the
| ast stage of the fan would allow
radial flow between the last fan
stage and the splitter. This flow
conpensat es pressure di fferences
between the two flows and causes a
devi ating of f-desi gn BPR This case,
where the effective map flows are
relatively independent of the BPR, is
represented by a small Cf value. A
splitter close to the last fan stage

core

will prevent radial flow behind the
fan and result in a stronger relation Figure 4 Of design fan stream lines
between BPR and the effective map wi th Cf =0.

flows (i.e. a higher Cf value). Wen

buil ding a turbofan nodel, the Cf constant resulting in the best nodel match
must be determ ned using trial and error.

Wth the new fan nodel, significant accuracy inprovenents have been achi eved.
Particularly with the nodel of a nilitary afterburning turbofan engine,
inaccuracies in fan related paraneters were reduced from around 10% down to
a 2.5% average (using a Cf of 0.1).

3.4 Solution nethod

The set of non-linear differential equations is solved using the multi-
vari abl e Newt on- Raphson et hod. The integration of the transients is perforned
using a nodified Euler nethod, providing sufficient integration stability.
These features were inherited from DYNGEN (see section 3.1). In GSP, the
met hod by Broyden (Ref. 3) is used to update the differential equations'
Jacobian natrix instead of recalculating this matrix for each iteration step.
This significantly reduces cal cul ation tine.

The effects of power off-take, conpressor bleed and turbine cooling are
included in the nodel in detail. For transient sinulation, also heat transfer
and internal volune effects are cal cul at ed.
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3.5 Experience

At NLR, GSP has been used for perfornmance anal ysis of a variety of gas turbine
engi nes types, i.e.:

- J85-CGE-15 (turbojet, General Electric)

- P&AC JT15D- 1 and JT15D 4 (turbofan, Pratt & Wiitney Canada)

- F100- PW 200 and F100- PW 220 (afterburning turbofan, Pratt & Whitney)

- RTM 322 (turboshaft, Rolls-Royce Turbonéca)

- TAY 620 (turbofan, Rolls-Royce)

Typi cal applications include analysis of installation and flight conditions
effects, calculation
of exhaust conditions

(as input for other P DATE: /9950825

nodel s cal cul atin g 140, 160 VERSION 6.0 IRALE: TRDECAC TIHE: 162857 135 150
infra-red signatures

and exhaust em ssions) ol a0 -
and paraneter sensiti-

vity anal ysi s to e
determ ne feasibili ty 100 ‘20\\.':_ e &‘f/—'———'_:-—t':—loo 100
of condition nonito- AN i_n

ring  methods. An N e

inmportant application  ®f "L %\ / / °
is performance calcu-  §} sf\ °\ P = RS
lation for validation sof sof] \ i ) /4- / e lso
of real-time flight N £ e
si mul at or nodel s. R £ | |
These activities have  *f LN //'/ 2
provi ded NLR  with A i

significant experience wb FE N /i o o
in per form ng gas e

t ur bi ne performance | {| @ el

analysis with GSP. of 20 > e ! . - - 1
Wth this experience TIME

NLR has the ability to ) )
quickly build GSp- Figure 5 Afterburning turbofan slam decel from max

nodel s of specific gas dry followed by slamaccel to max AB.

turbines. The nmgjor
effort with building a nodel often is collecting engine data. Especially
conmponent characteristics are usually not available and have to be derived
from performance data. Once the effort has been taken to build a nodel for a
specific gas turbine, steady-state and transi ent perfornmance can be quickly
anal ysed using GSP' s

user-friendl Yy inter- GSP DATE:  1995-08-25

f ace. Engi ne ste ady_ 100 125 VERSION 6.0 TRAILE: TRDECAC TINE:  [7:25:52 1.2
state and transient

performance are

presented in the form B
of a vari ety of

surveyabl e al pha- nunme- 100 1.0
rical and graphical

out put.

Particularly the F100- 7= w00 fo.8
PW200 and JT15D-4 & B s IR
engines have been | NN
model led in detail. | |
Wth these nodels, Dol
st eady- st at e paraneter 75 o
i naccuracies  of 1%

have been achieved. A

small amount of test *°f o
bed neasured transient A

dat a have been | - . . - - 50 Jos

available for TIvE |

conpari son; these data )
did not deviate nore Figure 6 Slamdecel and accel into AB: nozzle area,
turbi ne tenperatures and bypass rati o.
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than 5% from t he node

asP FIOOFD led map ) DATE:  1995-08-25
;‘ ?‘]SCLP lI,:I ge The det I';'C:dle|e 3 a.0__ VERSION 6.0 TRALE: PIR3 (valedmap ) TINE: _ 16:38:27
control system nodels,

enabl i ng accurate
analysis of transient
performance. Effects of
several fornms of engine

3.5

3.0

and control system

mal f unctioning can be 5

det er m ned. [T

Figures 5 through 8 o

show t he si mul at ed

responses typical for 2.0

an afterburning

vari abl e geonetry

t ur bof an with a 1.5

conplicated contro

system like the F100

engi ne. Figure 5 shows 1.0

a slam decel from max WCFD [%]
dry power down to idle,

af ter 6 seconds Figure 7 Decel-accel in fan duct map
followed by a slam

accel to maxi mum

af terburner power at sea |level standard conditions. For the sane case, figure
6 shows nozzle area, turbine tenperature and bypass ratio responses. Figure
7 shows how the fan duct operating point travels through the duct map. Map
plots like figure 7 can be generated for all conponent types and include an
opti onal nunber of curves at user specified constant efficiency values. Wth
a fan core map (not shown here) different fromthe fan duct map, an accurate
fan nmodel was obtained. Wth a Cf factor equal to 0.1 (see section 3.3) the
best match was obtai ned. Performance paraneters can al so be plotted al ong both
Xx- and y-axis in order to anal yse rel ations anong paraneters. In figure 8 this
option is used to show basic fuel control characteristics. The W/Pb val ue for
t he above nmentioned case is plotted during decel and accel. A so the max W/Pb
accel schedule is shown, indicating that in this case the fuel control has
limted the accel W/Pb to a level |ower than maxi num governor W/Pb. The
unstable W/Pb signa
during deceleration is
caused by unstabl e input
from electronic super-
visory control
al gorithms. For this

nodel , the total nunber *© MAX. ACCEL —-—
of per formance and -"—__,,__,~——'—*"“'"’-—’ﬂ—’#—ﬂ___—__—___
control system para-
meters available for
presentation exceeds
120, enabling detailed ACCEL
di agnosti c anal ysi s.
Accur at e nodel s for
transi ent per f or mance
anal ysi s are al so
val uabl e tool s for
devel opi ng and val i - 2 %0
dating real-tine engine peCE!
nmodel s. The GSP nodel of
the JT15D-4 engine was 15 15
specifically set up for
this purpose (see the
next section). 10 10

80
N2S [%]

asP DATE:  1995-08-25
s __ VERSION 6.0 IRFILE: IRDECAC TINE: __16:55:08 45

2

40

35 35

wres

25 25

Figure 8 Decel-accel fuel control gover nor
characteristics
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4 REAL-TIME GASTURBI NE ENG NE MODELLI NG AT NLR

NLR is active is the developnent of flight sinmulators and flight contro

systems. One of the main nodules in a flight sinulator real-time aircraft
nmodel is the engine nodel. Naturally, the fidelity of the engine nodel affects
the overall flight sinmulator's fidelity. Especially with high thrust-to-weight
ratio aircraft, effects of inaccurate thrust values on simulator fidelity are
significant. Simulators for nodern fighter aircraft (having thrust-to-weight
ratios in the order of 1) should therefore have propul sion systemnodels with
accuraci es conparable to the aerodynanic aircraft nodel accuracy. Moreover,
detailed flight sinulator engine nodels are necessary for integrated flight
control system devel opnent (Ref. 4, 5).

Up to 1990, NLR s flight simulator nodels were obtained using system
identification techniques, resulting in |inear engine nodels wth, conpared
to the aerodynamic aircraft nodels, relatively low fidelity. During the |ast
few years, NLR has inproved the propul sion system nodel fidelity by using
"pi ecewi se" linear nodels like in reference 6, 7.

I ncreasing accuracy and detail with |inear nodels remains difficult and tine
consuni ng because in order to represent secondary effects such as installation
and tenperature deviation effects, a large ampbunt of extra data tables are
necessary.

4.1 Towards thernpdynanic real-tine engi ne nodels

A new approach towards real-time engine nodelling is using non-linear
thernmodynanic relations instead of |inear nodels obtained from system
identification. A major problemwith non-linear nodels is how to establish
fixed calculation times per integration time step while guaranteei ng nuneri cal
stability and acceptable accuracy. lteration |oops with an undefined nunber
of passes within a single tine step (like in GSP) are not all owed. However,
the differential equations can be solved al so during integration, calculating
only one iteration step per tine steps ("one pass per tine step"), resulting
in a stable small error after a few time steps. Several publications exist on
this subject (Ref. 4, 5, 8, 9, 10, 11). Efforts in this direction originated
from an increasing demand for high-fidelity gas turbine nodels, both for
flight simulator- and gasturbine control systemdevel opnment. Besi des inproving
model fidelity, this approach has the potential to reduce the amunt of
enpirical engine performance data tables. By al so devel opi ng separate reusabl e

modul es (e.g. fan, gas generator and control system nodules), this will |ead
to a reduction in nodel devel opnent effort. However, when explicitly nodelling
conponents such as turbines and conpressors, extra data tables wll be

necessary to represent component characteristics.
At NLR, currently a step-by-step approach towards thernodynanic real-tine
engi ne nodel s is foll owed.

4.2 Case study

In 1993, devel opnent of a flight sinulator nodel for the NLR Cessna Citation
research aircraft was started as part of the AFC/ NFT' project. For the P&WC
JT15D- 4 engines of this aircraft, as a case study, a sinple non-linear real-
time gas turbine nodel was developed with only linmted thernodynanics.
However, a high degree of nodularity was required right away to allow an
evol utionary devel opnent towards nore detailed nodels fromthe start.

The JT15D-4 engine is a small turbofan engine with a single stage fan, a
singl e booster stage and a radial HP conpressor. For steady state data, a
per formance deck program was used; transient data were available in the form
of flight test neasurenents of engine throttle responses. NATLAB-SI MJLI NK?
simul ati on software was used to develop the JT15D- 4 nodel as this was also the

Autormatic Flight Control / National Fly-by-Wre Testbed project; NLR TUD
cooperation on autothrottle, autopilot and flight control system
devel opnent .

2 MATLAB and SIMULINK are registered trademarks of The MathWrks Inc.
Nati ck, Mass. USA
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flight simulator nodel devel oprment tool. SIMJLINK all ows quick eval uation of
different nodelling concepts and easy integration into SIMILINK flight
si mul ator nodel s. Further SIMJLINK enabl es the user to build a nodule library,
which is desirable in view of the nodularity and reusability requirenents.
The nodel flow charts are shown in figures 9, 10, 11. The gl obal engi ne nodel
is shown in figure 9. It incorporates 2 sub-nodels: the gas generator node
(Fig. 10) and the fan nodel (Fig. 11). Both sub-npdels can easily be reused.
The gas generator nodul e determ nes the overall engine operating point as well
as the accel eration and deceleration rates of both gas generator and fan using
bl ocks with max. accel and decel schedules (i.e. the "fN..." blocks).

Engi ne nodel

The current nodel has the power
| ever angle (PLA) and the flight N2 .
conditions as input and thrust FLAin

and the two rotor speeds as o]
output. The two rotor speeds are
appropriate to represent the —+
engi ne operating point and thrust Flight Conditions
setting. Besides a fan and a gas
generator nodule, the -4 version
of the JT15D engi ne has a booster
stage on the fan spool. However,
only after the nodel explicitly
calculates  fan —exit — and pigue 9 JTI5D-4 SIMILINK nodel
conpressor entry air conditions,

a separate booster nodel is

needed. The nodular lay-out provides a neans to effectively assess the
accuracy of sinulated engi ne behaviour with different nodelling concepts.
Start-up, shut down, windmlling, PTO and conpressor bleed effects have not
yet been included in the nodel.

GE&%ATOR NTe
N
NZdem | Fap .

FLAIMPUL g
oy Product

> J Fhc

>

FMe(M1c Ma)
SQRT{Theta)

Gas gener at or nodel
The gas generator steady-state N2 derm N2dem
performance is represented by a PLAIN

table with the relation between M2/t
power |evel angle (PLA) and rotor
speed. Depending on the type of N2
fuel-control, the rotor speed |

. . ntegrator
si gnal is corrected for M decel

conpressor inlet tenmperature. In
the case of the JT15D engine the
rotor speed-PLA relation (the fiN2rmin N2 feed back
"N2dem block) is uncorrected. )
Hov\ever, Correct ed gas generat or F| gure 10 JT15D'4 GaS generat or I‘T’Ddel

speed (N2c) is a practical

par anet er to r epr esent gas gener at or operating poi nt and it
(thernodynani cal ly) determ nes steady-state performance of the rest of the
engi ne (fan speed, EPR, EGI, thrust etc.). Since the TT2.5 paranmeter was not
avail abl e, gas generator speed was corrected with the closely related TT2
i nst ead.

For transient simulation the control system characteristics have to be
model | ed. Gas generator speed usually is controlled by varying a paraneter
which corrects for different flight conditions. In nost cases this paraneter
is the fuel flow - burner pressure ratio (W/Pb). W/Pb is a good nmeasure for
fuel air ratio which deternines the acceleration rate of the spool.
Accel eration and deceleration are controlled by limting W/Pb. Mximum accel
and decel W/Pb schedules are usually functions of corrected gas generator
speed and flight <conditions. Because of the strong link between N2
acceleration rate and W/ Pb, dynani c performance of the gas generator can very
well be nodelled using maxi mum spool acceleration and deceleration rate
schedul es instead® (i.e. the "fN2..." blocks). Wth future inprovements the

Modern digital gas turbine control systens also lint spool rotational
accel eration and deceleration with "Ndot control".
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actual W/Pb schedul es nay be used once nodels with explicit calculation of
Pb and turbine power have been realized.

Fan nodel

The fan obt ai ns

tﬂernudynanic power from Ndem

t he gas gener at or. .

Therefore the operating ﬂ—

point of the fan (and fan Do

t ur bi ne) should be a N1c
function of the gas Noern -
generator operating point e N1oiNze Product

(i.e. corrected gas NZc

gener at or speed N2c). SORTheta

This neans steady state hize

corrected fan speed Nilc N1cmin N1c food back

is a function of N2c (the

"Nlc/ N2c" bl ock). Dynam c .

performance of the fan is Figure 11 Fan-nodel
principally determn ned by

(dynam c) perfornmance of the gas generator. Up to now, dynam c fan perfornmance
is represented by accel eration/deceleration to a "demanded fan speed” which
is a function of demanded gas generator speed (i.e. a function of PLA).
Maxi mum accel and decel rates are functions of N2c.

Results
In-flight measurenent data have been used to assess the validity of the nodel
Measured dynami ¢ PLA inputs have been input to the nodel for different flight
condi tions. The fuel-control nodel functions have subsequently been adjusted
in order to match the nodel output (N1 and N2) with the neasured responses.
Wth little effort, accel and decel schedule functions could be adjusted in
order to obtain a match as depicted in figure 12. After repeating this process
for different flight conditions, it appeared that sonme control -nmodel functions
(l'i ke accel and decel schedul es) were

dependent on flight conditions. By Zp=3050 [ff] Ma=0.2 dTs=-22 [K]

using a nunmber of flight condition
dependent control function tables, a
model valid for the entire flight
envel ope was obtained. The engine
nodel t hen was successful l'y

I
oo — — — }
I

inplemented in the Cessna Citation O R EEEE o S i R
flight simulator nodel. § e i i ‘ I
P tPLAinpUt - L]
Further devel opnent S — R L IR
The approach used to nodel the JT15D 4 ) S 1
results in a good match with the data. ‘ ‘ | ‘ ‘

However, further study has to showto .
what extent tables (enpirical nodels) ° °
can and need to be replaced by
thernodynami ¢ equations. Currently,
the thernodynanmic relation between
inlet, fan/fan-turbine and gas
generator is only nodelled by tables

3
©
8
8
ol —
g
2
g

with relations between corrected £

speeds. |f, for exanple, performance -

with deviating installation |osses 2

must be sinulated, this nodel will not

be adequat e.

Further investigation will be focused

on the use of thernodynam ¢ equations .

to inprove nodel fidelity and mnim ze ° = % © s ©
the size (and dinension) of the tables time [sec]  simulated = ————.
and other specification data. The measured =

equation algorithns may be derived _ _ _
from GSP. "One pass per integration Figure 12 Conmparison sinulated N1

time step" methods will be eval uated and N2 responses wth
measur enent data
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and applied for solution of the equations.

The fuel control wunit should be nodelled in nore detail by actually
calculating fuel flow It would nore effectively separate the fuel control and
gas generator nodels, increasing the potential accuracy of the npdel and
provi di ng nore generic nodul es. Wth a thernodynam ¢ approach, start-up, shut
down, windmlling, PTO and conpressor bleed effects wll inplicitly be
i ncluded in the nodel.

Concl usi on

The approach of buil ding sinple non-linear gasturbine nodels with SI MJLI NK has
proved to be beneficial. Wth little effort, parameters and tables of the
generic nodel can be matched to a particular engine, resulting in a relatively
detail ed and accurate nodel. Extending the nodel with thernodynam c equations
for individual conmponent nodels is expected to be feasible with algorithmns
inherited from GSP and the "one pass per tine step" nethod. It is inportant
to continue devel opnent of the JT15D SI MJLINK nodel, not only in order to
obtain an accurate real-tine engine nodel for the Cessna Citation research
aircraft, but also to obtain a generic engine nodel, to be used for flight
simulators and flight control systemdesign at NLR in the future.

5 FUTURE DEVELOPMENTS

At present, GSP is a mature tool, able to serve users in nost gas turbine
performance anal ysis needs. Plans for future inprovenents include nodelling
effects of variable stator vanes position in conpressor nmaps and nodel ling
conponent deterioration effects in order to performsensitivity analysis to
support devel opnment of diagnostic algorithnms in condition nonitoring systens.
More urgent is the devel opment of high-fidelity nodul ar real -time gas turbine
engine nodels since flight sinulator developnent is one of NLR s key
activities. Therefore, extending the currently devel oped real -tinme SIMJLINK
modul es with thernodynam ¢ equati ons now has priority.

6 CONCLUSI ONS

Wth GSP, NLR has a powerful tool to analyse gasturbine performance for
vari ous purposes. GSP has been successfully applied for a nunber of engine
types. GSP npdels can generate the data necessary for real-tine node

devel opment and subsequently be used for real-tinme nodel validation

NLR s real -tinme gas turbine nodels need further inprovenent. The achi evenents
with the sinmple JT15D-4 engi ne nodel prove that the non-Ilinear approach with
SIMILINK is feasible and offering reusable nodul es. However, although node

fidelity has been inproved, npbst secondary effects still have to be
represented in separate tables. Therefore, the next step will be extending the
real -time nodel with thernodynam c equations for individual conponent nodels,
solved with the "one pass per tinme step nethod". Thernodynam c equation
al gorithms and conponent map tables and functions then can be inherited from
GSP.
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