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Investigation of a Large High-
o meosiatos | OP€Ed Diesel Engine Transient
R Behavior Including Compressor
Surging and Emergency Shutdown

Laboratory of Marine Engineering,
Department of Naval Architecture

and Marine Engineering, The operation of a large high-speed engine under transient loading conditions was inves-

National Technical University of Athens, tigated, using a detailed simulation code in conjunction with a model capable of predict-
P.0. Box 64033, ing compressor surging. Engine loadings were applied, which were considered dangerous

Zografos 15710, Athens, Greece for initiating compressor surging and cases where compressor surging could occur were

identified. A means of avoiding compressor surging by opening a bypass valve connected
between the compressor outlet and turbine inlet was examined. Finally, the case of engine
abrupt stopping by rapidly closing the engine emergency shutdown valve, located down-
stream of the compressor, was also investigatedOl: 10.1115/1.1559903

Introduction sor and engine behavior, but the full geometry of the compressor
and its piping system is required and it can be only used in con-

Engine simulation codes are widely used during the des'gﬁhction with one-dimensional codes.

e e e s T ol e 11 was aenced by he authors
. e . ' . o 114,15, so that the variations of the compressor inlet pressure and
creasing complexﬂy of engine conflgurathlﬁé,S], .(usm.g EG,R' temperature during compressor surging cycles were taken into ac-
waste gates or Variable Geometry Turbings conjunction with .+ “and was extensively validated against the experimental re-
the extensive usage of electronic systems for controlling the vagiyiis pyplished if11]. This model was incorporated into a de-
ous engine parameters], introduced for improving engine per-aijeq  zero-dimensional codg16,17, as a new compressor
formance and reducing exhaust emissions, necessitates the utiliggel, so that the code can be used for examining special cases of
tion of detailed engine simulation codes in the design processgine running under conditions that may result in compressor
Using such codes for predicting the steady state as well as §gging.
dynamic behavior of the engine and its components, the proto-The present paper describes the investigation of the transient
types manufactured can be designed close to the optimum s@éhavior of an eight-cylinder, 34.5 L, large high-speed Diesel en-
tion. Detailed engine simulation codes can be used, apart frgjihe, using the derived engine simulation code. After validating
matching the engine with its turbocharger and testing various efe steady-state simulation results against experimental data, ini-
gine controllers and engine design options, for investigating thigl transient simulation runs were performed in order to compare
engine and turbocharger transient behavj7,8, as well as the derived results using the existent and the new compressor
complex phenomena, such as compressor surging, and thus mibdels. Furthermore, the dynamic behavior of the engine and its
taining data which otherwise could only be measured using comarbocharger was investigated, with engine loadings that were
plicated and costly techniques. considered dangerous for compressor surging. In addition, a way
For determining the compressor behavior under surging condfdr avoiding compressor surging by opening a bypass valve con-
tions, a lumped parameter model was introduceddh This nected between the compressor outlet and the turbine inlet was
model was applied for studying of the dynamics of the surge asamined. Finally, the engine and turbocharger behavior during
rotating stall in an axial flow compression system and was verifiéde engine emergency shutdown procedure was also investigated.
experimentally. It was shown ifL0], that this model is also ap-
plicable to centrifugal compressors. lil], the compressor shaft ) )
speed dynamics were incorporated in the above model, greafyrbocharged Engine Modeling
improving the agreement with the surge behavior measured in gor the prediction of the steady-state and transient performance
turbocharger centrifugal compressor fitted on a single compres-a turbocharged engine, a detailed zero-dimensional code has
sion system. been developed and used for a number of y¢a617). The code
In[12], the model presented [9] was used in conjunction with s flexible allowing the simulation of a variety of engine configu-
an engine simulation code for the performance prediction of rations including four-stroke, two-stroke, Diesel, gasoline, natural
sequentially turbocharged marine Diesel engine, including casgss, turbocompound engines, etc.
where compressor surging occurred. For investigating the turbo-The code is of “control volume’(filling and emptying type,
charged reciprocating engine behavior under compressor surgamgl it can also estimate the one-dimensional flow effects inside
conditions, a one-dimensional unsteady flow model was also pexgine manifolds based on a pseudo-one-dimensional pipe model.
sented i 13]. This model was capable of predicting the compresA humber of basic engineering elements such as flow receivers
(cylinders, plenums flow controllers(valves, compressors, tur-
Contributed by the Internal Combustion Engine Division 6fETAMERICAN SO-  bines, heat exchangers, pipemechanical elementErankshaft,
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(control volumeginterconnected by flow controller elements. The me.T 1— / (y=1)Iy\ _ ¢
engine environment is regarded as a fixed fluid elenf@mistant = CpTo377:(1~ (Pos/Po3) ) Qt. )
pressure, temperature and compositidlechanical connections 7N/30

are allowed between Cylinders and Crankshaft, which in additiqurbocharger Speed is obtained by integrating the angu'ar mo-

can be connected to a shaft load via a gearbox and/or clutghentum conservation equation, governing the turbocharger shaft
Although a number of different submodels are available for th@namics:

simulation of the various components of an engine, only the ones
used for the modeling of the engine examined in this paper will be dNrc 30
described here. dt (7o) 3)
The flow receivers are treated as open thermodynamic systems L ) )
where work, heat, and mass transfer take place through th@h{e temperature of air exiting the charge air cooler is calculateq
boundaries. The working fluid in each flow receiver is regarded H8iNg the cooler effectiveness. The air cooler pressure drop is
homogenous mixture of pure air and combustion products, sufiiculated as function of the air cooler mass flow rate.
jected to the perfect gas law. Spatial uniformity of the fluid prop- The gas temperature, mass and equivalence ratio of every flow
erties is assumed at any instant. Thus, the instantaneous statE6giver at each time step are calculated by numerically integrat-
the flow receiver gas is described by its temperature, equivalerfg@: through a predictor-corrector scheme, the differential equa-
ratio and pressure. The first law of thermodynamics, the cons8fnS giving the time derivatives of gas temperature, mass, and
vation of mass and the ideal gas law are applied to each figQuivalence ratio, respectively. The gas pressure is calculated us-
receiver. The resulting set of coupled differential equations is nld the perfect gas law. _ _
merically solved step by step for all volumes in turn. Eor the calculatlo_n of the engine crank_shaft speed, the engine
The rate of change of a flow receiver gas equivalence ratio wigiflinders are considered to be mechanically connected to the
respect to time depends on the rate of fuel addition by injectidiankshaft, which is in turn connected to the engine load. The
and on the fuel content in the form of combustion products of trfg/linders produce torque, whereas the engine load absorbs torque.

gas entering or exiting the flow receiver. The engine speed is defined by the angular momentum conserva-
Combustion is modeled as a heat release process. Cumulafig8 in the engine crankshaft:

fuel burning rate diagram&S-curve functions[18]) are used for dNe 3037 — 1)

the simulation of the combustion process. _E_ThAi=lh L )
The heat transfer process between the working gas and its sur- dt ot

roundings is considered to consist of two parts: heat transfer frqfa, the calculation of the brake torque developed by the engine
gas to wall and heat transfer from wall to coolant, for both thgy|inders, friction losses, dependent on the mean piston speed and
flow receiver and the flow controller elements. For the first part, ifie maximum cylinder pressuri22], are taken into account.

the case of cylinders, the heat transfer coefficient is calculatedeq; the transient engine simulation, an engine speed governor
using the Woschni correlatioi19], whereas Nu-Re-Pr correla- element is used for the control of the fuel rack position, which,
tions, [20], are used for calculating the heat transfer coefficient iy tym, determines the fuel injected into the engine cylinders in
the other flow receivers and flow controllers. For the wall to cookqer to stabilize the engine speed around a desired point. The

ant heat transfer, the surface wall temperature of the various &lgrput of the engine speed governor is calculated using the Pl
ments are calculated using coefficients that determine how clqgshirol law:

the wall temperature is to the “adiabatic” temperature of the wall
or to the coolant temperature.

In the case of cylingers, the rate of change of a cylinder volume Y=Yinit+Kp(Nora=N) + klﬁ (Nora—N)dt. ®)
is calculated using the geometry of the piston, crank throw, and °
connecting rod. ; ;

The flow through the inlet and exhaust valvd®w control- Compressor Dynamic Response Modeling
lers), connected to a flow receiver, is considered to be quasi-In previous studies of the authofg,4,15, a model capable of
steady[18,21], at each time step and calculated as a function @redicting the compressor dynamic behavior including cases of
instantaneous valve effective area and pressure ratio. turbocharger compressor surging was presented. This model was

The compressor is modeled using a digital representation of @stensively validated using published experimental data for a
steady-state map. The steady-state compressor map is assuméémple centrifugal compression system.
apply at all engine operating conditions. The compressor map,This model was incorporated into the engine simulation code
which represents the compressor speed and efficiency as functidgsan additional compressor model. According to this model,
of corrected flow with respect to pressure ratio, is accessed usthg compressor mass flow rate is calculated using the following
the instantaneous values of pressure ratio and turbocharger spR@d¢Rtion:
obtained from calculations within the engine simulation program. dr _

The compressor corrected flow and efficiency are calculated using dMe _ P27 Pp (6)
interpolation, thus enabling the calculation of the instantaneous dt L./A

compressor mass flow rate. Then, the compressor impeller gh- —n..

sorbed torque is calculated by the following equation: Hhierep,=p,-pr.

t

The above equation was derived considering the compressor as
30yRM,T a single pipe and applyin_g the momentum conservation. The
:—01( ro-Dhv_ 1), (1) cross-sectional area of this pipe is considered to be equal to

aN(y=1)n. " © the compressor impeller eye area and the equivalent length is

The turbine is modeled using a digital representation of itcs‘fleCUIatGd by

swallowing capacity and efficiency maps, which usually provide L. de
the turbine swallowing capaciipr mass flow rate paramejend e f

efficiency, as functions of the turbine pressure ratio and the ¢
turbocharger speed. The turbine mass flow parameter and effiusing the above equations, the inertia of the air contained in-

ciency are calculated using the turbine expansion ratio and thiede the compressor and its inlet and outlet ducts is taken into
turbocharger shaft speed, interpolating between the given poiatcount.

of the turbine maps. Then, the instantaneous turbine torque idn addition, in order to take into account the departure of the

calculated by compressor characteristics from their steady-state form when the

Tc
)

ompressor & its ducting systeﬁ(g) .
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compressor operates under dynamic conditions, the following firstin case where the calculation of the compressor surging cycle is
order differential equation is used for the calculation of the conmequired, the compressor characteristics as well as the nondimen-

pressor pressure ratio: sional torque coefficient for the region to the left of the surge line
and for negative flows is needed as input.
dpr 1 _ In that case, for calculating the complete compressor character-
dt ;(prss pr).- ®) istics and the nondimensional torque coefficient versus flow coef-

. . . ficient for the negative compressor flow region, a meanline analy-

The time lag, used in the above equation, has the effect §§ method was used ifL5], which, however, requires a great
flattening the steady-state compressor characteri$lit23, and amount of compressor geometric input data. Alternatively, a
is considered to be in the order of the compressor throughfiQethod for the estimation of compressor characteristics and non-

time, [11]: dimensional torque coefficient, when the compressor map for the
L normal flow region is available, was presente(ili4,15. Accord-
mer 1 1eti 1
= (9) ing to that, the characteristics of a centrifugal compressor can be
lc| estimated using the following second-order polynomial equation
whereL e, is the meridional length of the compressor impeIIeIOr the negative flow region:
and diffuser and c is the meridional average flow velocity. Prera—Pro
The additional compressor geometric data, required as input pr=pro+ gng (14)
for the new model are, the equivalent length.X for the com- Msrq

pressor inlet, impeller, diffuser, volute and outlet ducting SySterWhereas, the following third-order polynomial equation, which

the impeller eye areaA), the compressor impeller and diffuser, a5 hroposed ifi2d], is used for calculating the compressor char-

meridional length k). In addition, the compressor charactery eristics for the region between zero flow and surge line:

istics in the form of pressure ratio versus flow for various values

of rotational speed are required. For the calculation of the com- Prsrg—Pro 2m, 2, 8
pressor torque, the nondimensional torque coefficient as a funcPr=pro+ ————|1+1.5 —-1/-0.5 — -1
tion of flow coefficient, instead of the efficiency contours, was Msrg Msrg (15)

preferred to be used as input. Plotting the compressor non-
dimensional torque coefficient versus flow coefficient, the resukthere the compressor pressure ratio at zero flow is calculated by
will be almost a straight line. Thus, only the coefficients of théhe following equation[14]:

equation of this line must be given as input. For each point of the y

compressor map, the compressor nondimensional torque coeffi- y-1 , 5, LI
cient can be calculated by Pro=|1+ 5 o w(ra—ry) (16)
YR lo1
e For the positive compressor flow region, the nondimensional
FCZA—UZ (10)  torque coefficient can be estimated using the equation of the line
PAT2 that fits the points of ', and ¢, calculated from the compressor
where the compressor torque is given by Et), whereas the Map(Eq.(12)). For the negative compressor flow region the even
compressor flow coefficient can be calculated by extension of this function can be used.
For negative compressor flow, the torque absorbed by the com-
me pressor impeller, which is derived using the energy equation in the
¢°:pAU' (11) compressor, is given by

Thus, the following equation can be used for the estimation of C:|mc|cp(T°1_T°2)'

the compressor nondimensional torque, which is derived by curve 1)
fitting using the points of’; and ¢, calculated from the com-
pressor map:

17)
Thus, the total temperature at the compressor inlet is calculated by

Te=C1 e+ C. (12) Tor=Topt —
According to the new model, the steady-state compressor map is ) . )
accessed with the instantaneous values of corrected mass flow &g total enthalpy of the air entering the compressor inlet volume
and corrected speed and the steady-state pressure ratio is cafcGalculated using the temperatufg; .

lated using interpolation. The compressor pressure ratio and mass

flow rate are calculated at the end of each step by integrating tEagine Description

differential Egs.(8) and (6), using a predictor corrector scheme. The Caterpillar 3508CAT 3508 engine is a four-stroke, large

Then, the compressor flow coefficient, the compressor nondimgp-, - : ; ;
sional torque coefficient and the compressor torque are calculaﬁﬂ%h speed Diesel enging25]. It can be used as a propulsion

in turn (Egs. (11), (12), and (10)). In addition, the compressor
efficiency is calculated using E@l). The total temperature at the
compressor outlet is calculated by the following equation, which

— (18)
IMelcp

Table 1 Caterpillar 3508 parameters

is derived from the energy equation in the compreds@: Number of cylinders 8
Cylinder arrangement 60° V
Te @ Displacement 345L
Tor=Tor+ —. (13) Bore 170 mm
mcCp Stroke 190 mm
) ) ) Connecting rod length 380 mm
The total enthalpy of the air entering the flow receiver concompression ratio 13
nected downstream of the compressor can then be calculated Lygbocharger 1 ABB RR-151
ing the temperatur@ perating speed range 1200-1800 rpm
. 02: . Power output 785 kW@1800 rpm
The instantaneous turbocharger shaft speed is calculated bygmep 15.2 bar
tegrating the angular momentum conservation equdtn (3))  Engine total polar moment of inertia 25.9 kg nf

for the turbocharger shaft.
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Exh. Plenum 1 =
Exh. Valves 1 3 5 7
. Exh. Gas
Cylinders ’ Turb.
Inlet Valves 4 3 5 7
Air Compr. o Fig. 1 CAT 3508—engine con-
Inlet Plenum { Cooler Air figuration
Inlet Valves 2 4X 6X 8 X
Cylinders
Exh. Valves 2 4¥ 6 X 8X
Exh. Plenum 2 -

plant engine(mainly in tugs, fishing boats, fast ferries, ¢tas Results and Discussion

well as a generator set engine. A CAT 3508 engine is installed in

the testbed of the Laboratory of Marine Engineeriih§/E) of

NTUA, [26], connected to a Zoelner water brake.

Initially, steady-state runs for engine operation at 1500 rpm and

various loads were performed. The combustion model constants
The CAT 3508 engine employs the constant pressure turbyere adjusted so that the measured maximum cylinder pressure as

charging system. Its intake manifold is located between the tf{#!l @s the engine torque is adequately predicted. The derived
banks of cylinders. The cylinders of each bank discharge théfeady-state simulation results are presented in Fig. 2. In the same
exhaust gas into two different exhaust plenums. The standard pfgure, the respective measured data for the original engine con-
duction engine has two separate turbochargers, each one dégtration (with two turbochargepsand for the engine configura-
nected to the exhaust plenum of one of the two cylinder banki®n with the 1 RR-151 turbocharger, are also given. Good agree-
The CAT 3508 test engine of the LME is equipped with a singlgent between the measured and the predicted results is observed.
ABB RR-151 turbochargef27], whose turbine is connected toHowever, it must be noted that the turbine of the turbocharger for
both exhaust manifolds via a Y-junction. This engine configurdhe simulated configuration was the one that is currently fitted on
tion was modeled here. the engine of the LME testbed, and its nozzle area is smaller than
The basic engine parameters are given in Table 1, whereas the one of the turbine with which the measurements were per-
engine configuration is shown in Fig. 1. formed. Thus, the predicted engine exhaust receiver pressure is

O Experimental data (CAT 3508 with 2 T/Cs) _
x Experimental data (CAT 3508 with 1 RR 151 T/C) ———A—— Predicted results (CAT 3508 with 1 RR 151 T/C)
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Fig. 2 Steady-state predicted and measured results at 1500 rpm
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slightly greater than the measured one, resulting in slightly higher
turbocharger speed, compressor mass flow rate and engine boost
pressure. Therefore, more air is available in the engine cylinders
for burning almost the same fuel amount, having as a result lower
exhaust receiver temperature.

After the steady-state simulation, a case of engine transient
simulation with load increase from 70% to 100% was examined.
For such a case, measured data for the engine fuel rack position
and engine speed were available and shown in Fig. 3. Using these
data, the engine PI speed governor constésee Eq.(5)), were
calculated so that the predicted results are in good agreement with
the measured ones. These values were found tkd3e0.016 and
k,=0.045. The transient simulation was performed using the ex-
istent compressor model as well as the new compressor model.
The compressor nondimensional torque coefficient versus flow
coefficient points, which were calculated using the compressor
map, are shown in Fig. 4. In this figure, the line, which fitted these
data and used as input in the calculations, is also presented. For
the predictions of the compressor surge cycles presented below in
this text, the even extension of this function was used for estimat-
ing the nondimensional torque coefficient for the negative com-
pressor flow region. In addition, the third order polynomial Eg.
(15) was used for the estimation of the compressor characteristics
between zero flow and the surge line, whereas the compressor
characteristics for the negative flow region were taken ffa6j.

A set of the predicted results for the engine transient from 70%
to 100% load, including the engine rack position, the engine
speed, the engine torque, the engine brake power, the relative
air/fuel ratio, the compressor pressure ratio and the turbocharger
speed, as well as the trajectory of the compressor operating points
superimposed on the compressor map, is given in Fig. 5. In addi-
tion, the variation of the compressor parameters within one engine
cycle for the cycles after 0.3 sécorresponding to 70% loa@nd
after 9.5 sedcorresponding to 100% loads presented in Fig. 6.

As can be seen from these figures, the engine and turbocharger
mean cycle parameters derived using the existent and the new
compressor models practically coincide. However, the compressor
efficiency values for the engine operating region close to 100%

Pressure Ratio

1.04———————————
02 04 06

Cor. Volumetric Fiow Rate (m3/s)

Fig. 5 Simulation results for engine load increase from 70% to 100% at 1500 rpm
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load, predicted with the new model are slightly greater than tlengine was operating at 1500 rpm with 85% load and the engine
ones predicted with the existent model, resulting in slightly highéoad was reduced to 10% at 0.5 sec and then increased again to
turbocharger speed, compressor pressure ratio and air/fuel ratiol09% at 2 sec. The predicted engine rack position, engine speed,
addition, the instantaneous values of the compressor parametargine torque and power, relative air/fuel ratio, compressor pres-
calculated using the new model are slightly shifted, compared $are ratio and turbocharger speed, as well as the trajectory of the
the respective ones calculated using the existent model. Témmpressor operating points on the compressor map are shown in
former is owing to the fact that the compressor torque was caldeig. 7.

lated using the linear fit instead of the points derived directly from During the load reductidnfrom 85% to 10%, the engine speed
the compressor ma(f-ig. 4). The latter is attributed to the way of increased about 104650 rpm at 1 secand as a result, the
calculating the compressor mass flow rate and pressure ratio usiognpressor mass flow also increadethus, the compressor op-
Egs.(6) and(8), instead of calculating the mass flow and pressumrating point moved towards the choking region on the compres-
ratio directly from the steady-state compressor map. Howevegr map. However, due to the engine speed governor response, the
since the new compressor model gives mean cycle results compagine speed reached the engine setpoint of 1500 rpm at about 2
rable to the ones derived using the existent compressor model, ard. At that moment, the engine load increased to 100%, causing
additionally, the inertia of the air inside the compression system
passages and the departure of the compressor characteristics frohsn engine load reduction may result in engine overspeed when the engine oper-

their steady-state form are taken into account, it is expected tlatgs close to the upper limit of its speed range. However, no problems are encoun-
ed in the running of the turbocharger components.

more realistic predictions can be derived by using the new mod&f$ . 2 oS-
. f N . For a four-stroke engine, the engine volumetric air flow rate, and as a result the
Next, a transient run was performed, n which engine loaghmpressor volumetric flow rate, mainly depends on the engine displacement volume
changes, “dangerous” for compressor surging, were imposed. The! the engine speed.
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Fig. 7 Simulation results for engine transient operation at 1500 rpm—Iload changes 85%—-10%-100%
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Fig. 8 Simulation results for engine transient operation at 1250 rpm—Iload changes 85%—-10%—-90%

an engine speed drop of about 13%270 rpm at 2.4 secThis rate, and thus the compressor operating point moved inside the
resulted in the reduction of the compressor mass flow rate, acoimpressor unstable area. Subsequently, with the increase of the
thus the compressor operating point on the compressor mapgine speed due to the response of engine governor, the compres-
moved towards the surge line. Subsequently, the engine spesed operating point moved again into the compressor stable oper-
increased due to the action of the engine speed governor, so dliag region. As can be seen from Fig. 9, the compressor surge
compressor mass flow rate increased and as a result the compegsle lasted about 0.2 sec and consists of the period of positive to
sor operating point moved away from the compressor surge lingegative flow reversaiwhere the compressor flow was almost

In the examined case, i.e. with engine running at 1500 rpm, tiestantaneously reduced from 0.5 kg/st6.4 kg/9, the period of
surge margin was adequate for avoiding compressor surgimggative flow, the period of the negative to positive flow reversal
However, considering the case where the engine operates at 1880ere the compressor flow almost instantaneously increased
rpm, the compressor operating point is located closer to the sufgem 0 kg/s to 0.95 kgls and the recovery period. During the
line and the surge margin is less than the one for the caseaoimpressor negative flow period, the pressure downstream of the
engine running at 1500 rpm. The predicted engine parameters aotpressor was reduced from 1.75 bar to 1.45 bar within 0.08
the trajectory of the compressor operating points, for the casesefc, and subsequently, after the negative to positive flow reversal,
engine running at 1250 rpm with load changes 85%—-10%—-908te pressure downstream of the compressor increased again,
are given in Fig. 8. The predicted compressor parameters for tleaching 1.7 bar at 2.5 sec, before the next compressor surge
same case are shown in Fig. 9 As can be seen from these figuogsle. As shown in Fig. 9, during compressor surging the torque
compressor surging occurred during the engine load increaseabsorbed by the compressor impeller rapidly variedpecially
about 2.3 sec. At that time, the engine speed had dropped to 1@a0ing the flow reversalsthus introducing severe torsional load-
rpm, which caused the reduction of the compressor mass flings to the turbocharger shaft. Due to the changes of compressor
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Fig. 10 Simulation results for engine transient operation at 1250 rpm and bypass opening—load changes 85%—10%—-100%

torque, the turbocharger speed increased about 200 rpm duringttieg way, the turbine and also the compressor mass flow rates are
period of negative compressor flow, and was subsequently greater than the one required by the engine. In addition, since the
duced after the negative to positive flow reversal. It is evident thahergy of the bypass air is used by the turkiised not wasted, as
such flow, pressure, and turbocharger shaft torque oscillations ¢arthe case of a simple pressure relief vajvihe turbocharger
harmfully influence both the engine and turbocharger operation. $peed also increases. As a result, the compressor operating point
the examined case, the compressor surging lasted less thanrdves further away from the surge line.
sec, and therefore it cannot critically affect the engine safe run-The predicted engine and compressor parameters and the tra-
ning. However, the continuous occurrence of compressor surgijegtory of the compressor operating points, for the case of engine
can adversely affect the engine running and should be avoidedunning at 1250 rpm with load changes 85%-10%-100% and
A way of avoiding compressor surging, even when the engir®/pass valve opening, are shown in Fig. 10. The bypass valve was
operates under dangerous load profiles, is by using a bypass vapregressively opened starting from about 1.6 sec, just before the
connecting the compressor outlet and the turbine inlet. By openifagthcoming engine load increase, till the point of minimum en-
this valve, some of the compressor air passes into the turbine.gine speed at about 2.3 sec. Thus, the compressor mass flow was
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Fig. 11 Simulation results for engine transient operation during emergency shutdown
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Fig. 12 Predicted compressor parameters for engine transient operation during emergency shutdown

increased and the compressor operating point was moved in affhe closing of the emergency shutdown valve resulted in lack
adequate margin away from the surge line at 2 sec. Therefore, tieair for combustion(the relative air/fuel ratio dropped below
engine speed droffrom 1250 rpm at 2 sec to 1050 rpm at 2.4)sec0.6, which is the limit for combustign Thus, the engine torque
did not cause compressor surging. The bypass valve was thveas reducedalmost to 0 within 0.2 sgcand since the load torque
progressively closed until its fully closed position at about 4.5 sewas considered to be constant, the engine rapidly decelerated.
when the engine speed was close to its initial value of 1250 rpm.
In addition, as can be seen comparing Figs. 9 and 10, the bypass .
valve opening also prevented the turbocharger speed reduction nclusions
the time period after about 1.8 sec. The behavior of a four-stroke, large high-speed engine was ex-
Finally, the CAT 3508 engine emergency shutdown was simamined using a detailed engine simulation code in conjunction
lated. The engine emergency shutdown valve is located betweeith a model capable of predicting the compressor dynamic be-
the compressor outlet and the engine air cooler and it instantevior including cases of compressor surging. Initially, the simu-
neously closes in any case where an emergency alarm is activatation code steady-state results were validated against experimen-
Thus, the air supply to the engine cylinders is immediately cut andl data. Then, the engine speed governor model was calibrated
the engine shuts down due to the lack of air to maintain the fukésed on available engine transient measurements. After that, en-
combustion in the cylinders. The predicted engine parameters gide transient simulation using the existent as well as the devel-
the trajectory of the compressor operating points on the compreped compressor models was performed. Subsequently, additional
sor map for such a case are presented in Fig. 11. In addition, thensient runs were performed, in which, “dangerous,” for com-
compressor parameters are shown in Fig. 12. pressor surging, engine load profiles were imposed. Furthermore,
Initially, the engine was operating at 1500 rpm and 100% load.way of avoiding compressor surging by appropriately opening a
The emergency shutdown procedure was initiated at 0.9 sec.tApass valve connecting the compressor outlet and the turbine
that instant, the emergency shutdown valve started closing andhiet was examined. Finally, the case of the engine emergency
fully closed at 1 sec. As Fig. 11 and Fig. 12 show, during thehutdown was also investigated.
closing of the emergency shutdown valve, the pressure after theThe main conclusions derived from the present study are as
compressor was gradually increased, from 2.85 bar at 0.94 seddltbows:
almost 3 bar at about 0.98 sec. Therefore, the compressor operaffhe engine simulation code combined with the new compressor
ing point was driven into the compressor unstable region, and thmdel can be used for predicting the engine and its turbocharger
compressor flow rate became almost instantly negative at abdyhamic behavior providing more realistic compressor transient
0.98 sec. However, the surge cycle was not completely followegerformance predictions because the inertia of the air inside the
since after the negative to positive flow rever&tlabout 1 se¢ compressor passages as well as the departure of the compressor
the shutdown valve had been fully closed, so the compressor floWaracteristics during transients from their steady-state form are
became almost zero. Due to flow reversal, the pressure aftew taken into account. In addition, the engine and turbocharger
compressor was reduced to 2.3 bar at 1 sec, whereas the tulbehavior can be predicted even in cases where the compressor
charger speed increased, from 55,000 rpm at 0.98 sec to 57,83@ibits surging as well as during engine emergency shutdown.
rpm at about 1.1 sec, because the compressor impeller absorbefingine load profiles dangerous for causing compressor surging
torque was reduced due to the reduction of the compressweere identified. The transient simulation results showed that com-
mass flow. It was only after 1.1 sec that the turbocharger spegessor surging can occur under certain loading conditions if there
was reduced due to the reduction of the exhaust gas energy, whgkmadequate compressor surge margin, thus designating the limits
resulted in the reduction of the turbine torque. After the closinipr the engine safe operation. In that respect, the results of this
of the shutdown valve, and due to the turbocharger rotation, teeidy are used from the LME in order to avoid conditions in the
pressure after compressor followed the changes of the turl®@AT 3508 engine testbed that could lead into compressor surging
charger shaft speed, i.e., it increased from 2.3 bar at 1 sec to ar&&l thus endanger the integrity of the test unit.
bar at 1.1 sec, and then started decreasing since the turbocharg®uring compressor surging, the compressor mass flow rate ex-
shaft decelerated. hibits large amplitude oscillations, resulting in also severe fluctua-
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