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Abstract—This work presents an analysis of the operation of an indirect injection, naturally aspirated,
diesel engine under transient conditions resulting from a rapid increase in load. For this purpose, a
single-zone thermodynamic model, following the filling and emptying modelling technique, is developed,
which accounts for all basic parts of the thermodynamic engine operation; it also covers the dynamic
simulation of the engine with special submodels to model the conservation of energy in the crankshaft,
the inertia forces, the governor dynamics and the fuel pump characteristics. Unlike most previous models,
the transient operation is not regarded as a series of steady state operating points, but care has been taken
for the special characteristics of this unsteady operation. To this aim, analytical expressions were derived
for the better simulation of combustion, mechanical friction and governor movement, which during the
transient operation behave in a different way than at steady state. The model has been tested favourably
(at steady state conditions) against results derived from detailed experimental work conducted at the
authors’ laboratory. A detailed parametric study is made, which includes the influence of a variety of
dynamic and thermodynamic parameters on the transient response of the particular engine, as well as of
a four-cylinder one with the same technical characteristics. For the latter case, a special multi-cylinder
engine model has been developed, accounting in detail for the solution of the governing differential
equations for every cylinder separately. Analytical diagrams for the effect of the operating parameters on
the transient operation of the two typical properties of speed droop and recovery period are given, which
quantify each parameter’s contribution. Finally, the effect of a faulty fuel injection system on one cylinder
of the four-cylinder engine is studied, providing important information about the engine’s non-optumum
operation. © 1997 Elsevier Science Ltd.
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NOMENCLATURE

D = Cylinder diameter (m)

f = Governor clutch friction coefficient (Ns m~')
Jfmep = Friction mean effective pressure (bar)

G = Mass moment of inertia (kg m?)

k = Load torque constant (Nms) or Governor spring stiffness (N m-')

N = Engine speed (rpm) or Force (N)

Q = Heat (J)

r = Crank radius (m)

T = Absolute temperature (K) or Torque (Nm)

t = Time (s)

»y = Servopiston position (m)

z = Sensing element current position (m)

Greek
¢ = Angular acceleration (s~2)
A =r/L ratio
¢ = Crank angle (deg or rad)
o = Angular velocity (s~')
Subscripts
b = Burning
¢ = Engine

fr = Friction
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in = Inertia
| = Heat loss or Load
st = Steady state
T = Tangential
w = Wall
Abbreviations

CA = Crank angle (degrees)
rpm = Revolutions per minute

INTRODUCTION

The transient response of naturally aspirated and turbocharged compression ignition engines forms
a significant part of the engine’s operation and is of critical importance due to the often
non-optimum performance involved. For the diesel engines used for industrial applications, such
as generators, rapid loading is required together with zero (final) speed droop for the base units,
as well as rapid start-up for the stand-by ones. For other less critical (in terms of speed change)
applications, such as ship propelling or pump driving, reliable governing is required as well as quick
changes in the operating conditions. Rapid load changes can prove very demanding in terms of
engine response and also in the reliability of fuel pumps and governors. Thus, a good
interconnection and cooperation of all engine components during the transient response is vital
for optimum performance.

Diesel engine simulation modelling has contributed enormously towards the aim of new
evaluation and development. This holds for both single-zone [1-5] and multi-zone models [6-8].

Historically, the first simulation models analysing transient operation were published in the early
seventies [9, 10]. These models (also known as quasi-linear ones) were based on the assumption that
the transient operation behaves as a series of steady state operating points, and their use was limited
since they depended heavily on experimental data.

From the mid-seventies until the early eighties, the most fundamental transient simulators were
published, based now on a degree crank angle analysis, whether from the Imperial College
researchers [11-14] or from the UMIST ones [15-17]. Watson and Marzouk reported one of the
most advanced simulations at the time, combined with detailed experimental validation and
parametric study on turbocharged diesel engines under both load and speed changes operating
schedules [11-14]. They used a single-zone thermodynamic model following the filling and emptying
modelling technique; the governor was modelled via a general type differential equation of second
order, while each cylinder in a multi-cylinder engine was assumed to behave in the same way. In
parallel, at the University of Manchester, the studies included, among others, two-stroke
instationary engine operation [15] and methods for improving transient response [17].

The analysis of the transient performance of internal combustion engines goes on during recent
years with works concentrating on spark ignition engines[18], on engine starting[19], on
temperature fields [20, 21] and on pollutants emissions, either on a theoretical (degree crank angle)
basis [22] or on an experimental basis [23] or, finally, in the form of transient cycles analysis [24].
Reliable study of the pollutants emissions during transient operation, on a degree crank angle basis,
with the help of multi-zone models is an important objective, whose accomplishment is limited by
the huge computational time required for the analysis of hundreds of cycles and also by the fact
that the transient operation has not been yet fully analysed and diversified from the steady state
one with complete account for its unsteady nature characteristics. Simulation constants are believed
to behave differently during the transient response than under steady state, and care has to be taken
for proper modelling.

The present work contributes to a better simulation of the transient operation by improving on
the existing relations. It deals with the parametric study of one type of diesel engine, i.e. naturally
aspirated, indirect injection, whose behaviour has been studied only experimentally [25], due to
complete devotion to the direct injection, turbocharged diesel engine, which is the prime mover
in most large unit applications. To this aim, detailed diagrams showing speed profiles together with
the variation of various engine properties, with respect to the engine cycles for different
thermodynamic and dynamic input parameters are presented. Moreover, the speed droop and the
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recovery period of the engine’s transient operation are given in diagrams with respect to each
operating parameter, thus quantifying the weight and effect of each term.

Finally, the simulation is applied to a multi-cylinder engine, in order to study the important case,
commonly encountered in practice, in which one cylinder of a four-cylinder engine suffers from
a faulty fuel injection system, resulting in late injection. The specific case could not be studied with
the ““single-cylinder” assumption used by all other researchers to model the multi-cylinder engine.
The response of the particular engine to specific load changes is studied with the help of a developed
special multi-cylinder engine model, making clear how the ““damaged” cylinder affects the overall
transient response.

NOVEL FEATURES OF PRESENT SIMULATION

The simulation in this work includes the following innovative features, which are described in
detail in the next sections:

(a) Detailed analysis of thermodynamic and dynamic differential equations, accounting for the
continuously changing character of transient operation.

(b) Development of combustion and mechanical friction modelling, diversifying transient
response from the steady state one.

(c) Detailed analysis on the simulation of the connecting rod, which is studied as a rigid body
experiencing both rotating and reciprocating movement, allowing for the rod’s angular
acceleration and mass moment of inertia.

(d) A transient simulation model is coupled, for the first time, with a detailed and explicit
mathematical model for the governor, which can prove very useful in the study of the effect
of the governor type and its technical characteristics on transient behaviour.

(e) The simulation of the multi-cylinder engine response is considerably improved with the
development of a special multi-cylinder engine model. Every cylinder’s differential equations
are solved individually, and consequently, a more accurate simulation of inlet and exhaust
manifolds phenomena is achieved.

THERMODYNAMIC ANALYSIS

General description

In order to simulate the operation of the IDI diesel engine under consideration, a thermodynamic
model is developed, the individual submodels of which are briefly described in the following
subsections. There is a uniformity in space (mono-zone) of pressure, temperature and composition
in the combustion chamber at each instant of time. The first law of thermodynamics is applied to
the engine cylinder for both the main chamber and the prechamber and is solved together with
the perfect gas state equation [5]. Internal energy is considered to be a function of temperature and
equivalence ratio; relevant polynomial expressions proposed by Benson and Whitehouse [1] are
used for each of the four species considered, i.e. O,, N,, CO, and H,O.

Fuel injection model

For evaluation of the amount of injected fuel per cycle, relations of the type M, = f(w, h) are
used, derived from experimental work conducted at various steady state conditions. In the above
expression, M., is the total mass of injected fuel per cycle, A represents the position of the fuel pump
rack which depends upon the governor movement, and o is the engine angular velocity.

For simulation of the fuel injection rate (kg s™'), the expression proposed by Ferguson [2] is used:

mo__ o (p—g\ ' ((e:=9)
Mm—qodl“(n)< (pa) exP( 2 ) M

where InT'(n) = (n — 0.5)In(n) — n + 0.5 In(2xn) + 1/12n — 1/360n° + 1/1260n°, with n = 3.6 for the
present study. In the above expression, M., is the total mass of injected fuel per cycle and per
cylinder, g is the crank angle where injection begins and ¢, is the duration of injection.
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Combustion model

For study of the combustion process, the model proposed by Whitchouse and
co-workers [1, 7, 26] is used for both the main chamber and the prechamber. In this model, the
combustion process consists of two parts; a preparation limited combustion rate and a reaction
limited combustion rate. The corresponding equations are:

P=KMMp;, (kg/°CA) )

for the preparation rate, while for the reaction rate:

R=5P eirjp _ Rydp (kg CA) 3
NJT

M; = [¢(dms/de) d is the total mass (kg) of injected fuel up to the time ¢ (corresponding angle
@) considered, and (dm;/de) is the known injection rate from equation (1). M, = M; — [P dg is
the total mass (kg) of unprepared fuel, acr is the reduced activation energy (K), accounting also
for the ignition delay, and po, is the partial pressure of oxygen (bars) in the main chamber or the
prechamber. The constant KX, in the preparation rate equation is based upon the Sauter mean
diameter (SMD) of the fuel droplets [1], being expressed by a formula of the type K, oc (1/SMD)>.
For the evaluation of SMD, the empirical expression proposed by Hiroyasu et al.[6] is used:

SMD = 25.1(Ap)~*"3p02 P23 (um) 4

where Ap is the mean pressure drop across the nozzle in MPa, p, is the density of air at the time
the injection starts in kgm~2 and V., is the amount of fuel delivered per cycle per cylinder in
mm?/stroke.

In transient operation, as a result of an increase in load, very rapid and considerable changes
in fuelling occur. These changes result in instantaneous misfunction of the fuel injection pump, thus
leading to an incomplete combustion [25] which the steady state combustion modelling cannot
predict. To this end, an expression has been developed which accounts for these discrepancies of
the engine, correcting the constant K; in the Whitehouse-Way model.

While at steady state operation, the expression K, oc (1/SMD)? leads finally to an expression of
the type K; = (K)o (SMD,/SMD)?, where (K, ), and SMD are the values of K, and SMD at nominal
conditions. For the transient operation, the following relation is developed:

K, = (K, )°<SSAI(/II%) {1 - Ccomh<———1‘{'j‘;‘l;):i {ot)} )

where the term M, represents the amount of injected fuel in the previous cycle and the denominator
term (Mo )max iS used so that the coefficient c.om» is made dimensionless. The above expression is
used when M, > M.

Heat transfer model

The model of Annand is used to simulate the heat loss to the cylinder walls for both the main
chamber and the prechamber [27, 28]:

% - [[a—gReb(Tw — Ty) + o(T% ~ T;‘)} ©)

where F is the surface for heat exchange = 2(nD*4) + DL, with L the instantaneous cylinder
height in contact with the gas and D the cylinder diameter. A single “mean” wall temperature for
the entire surface F is used constant in time. The Reynolds number Re = pcD/yu is calculated with
a characteristic speed equal to the mean piston speed ¢ = 2rN/30. The constants a, b and ¢ are
derived from calibration against experimental data.
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Mechanical friction
For calculation of friction inside the cylinder, the formula of Millington and Hartless {29] is used:

(fmep)s = 0.123CR + 4.774 x 10~*N 0

where ( finep), is the friction mean effective pressure (bars) at steady state conditions and CR is
the compression ratio of the engine.

Rapid changes in loading cause great accelerations (positive or negative) of the engine which,
according to Winterbone [16, 17], lead to considerable, though instantaneous, deflections of the
crankshaft, resulting eventually in a direct increase of mechanical friction. The above phenomenon
is simulated as follows (for the transient case):

) )

where ¢ stands for the current angular acceleration (mean value over the engine cycle) and €q, 18
the maximum angular acceleration (or deceleration) which is experienced due to a 0-100% load
increase (or decrease) during one cycle. The coefficient ¢, is dimensionless, and its significance in
transient response, as will be shown in a next section, can be of considerable importance.

€max

Sfmep = ( fmep)sx<1 + cq

DYNAMIC ANALYSIS

Inertia forces and moments

All previous models consider the connecting rod as equivalent to two masses concentrated at
its ends, one rotating with the crankpin and the other reciprocating with the piston assembly,
having the same total mass and centre of gravity as the actual rod. In this work, a detailed study
of the connecting rod is conducted, which is described in detail in Appendix A, for the evaluation
of the reciprocating masses inertia force Ny,.

Engine dynamics

The instantaneous values for engine speed and angular acceleration are derived from the
conservation of energy principle applied on the total system (engine-resistance). Its mathematical
formulation [3, 11] is as follows, if G, represents the total system mass moment of inertia (engine,
flywheel and resistance) in kg m*

dw
T, 0) = T\(@) = Tv = G g, 9)

In the above expression, T. stands for the instantaneous value of engine torque, which is the sum
of the gas and the inertia forces torque [30]:

T, ®) = [p(@)F, Ry + Nrn]r (10)

where p.(¢) is the instantaneous gas pressure (as recorded by the cylinder pressure transducer) and
F, is the piston cross section area = nD?/4.

T\(w), in equation (9), is the load (resistance) torque, which is usually expressed by a relation
of the general form:

T =17+ ko (11)

For a rigid load (road slope resistance, part of rolling resistance), T+# 0 and k = 0. For a linear
load (electric brake, generator), 7= 0, k > 0 and s = 1. For a quadratic load (propeller, hydraulic
dynamometer, aerodynamic resistance), T=0, K > 0 and s = 2.

T} stands for the friction term, which is connected to the friction mean effective pressure through
the constant during each cycle relation:

Ta =f’;‘f[” F,r (12)
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Combining equations (9), (10), (11) and (12), and bearing in mind that dp = w df = >dr = de/
w, we get:

ﬂ 1 s—1 y é
d(p St o+ Lo (13)
where:
a = a(@) = 1/GuNmr is the inertia torque term;
B = —1/GxT =0 comes from the constant term of the load expression;
B = —k/Gix comes from the speed dependent term of the load expression;

y = 7(@) = 1/Gups(@)F,rR, is the gas torque term;
0 = (1/G)(fmep/2r)F,r is the friction torque term;

where Ny, and R, are evaluated in Appendix A.
Equation (13) describes the conservation of energy at the crankshaft in terms of angular velocity.
From this relation, it is then easy to find the angular acceleration ¢(¢) needed in equation (8), i.e.

6(¢)=%=a+ﬂl+ﬁ2ws+'}’+5 14)

Governor dynamics

The (mechanical-hydraulic) governor, which is used in the present analysis, is an indirect acting
unity feedback one, i.e. one with no ability for zero (final) speed droop. It consists of the
flyweight-spring mechanism for the sensing of speed change and of the servomechanism for driving
the fuel pump rack and, thus, correcting of fuelling.

For the sensing element mechanism, Newton’s second law of motion states, neglecting the weight
of the ballarms and clutch [31, 32]:

d*z

dz
Nc - Nmst —f?i; = mgova't—z

The above equation is transformed as followé, on a degree crank angle basis:
dz dz ) ;
Moy’ d_(p2 + fo a; + (k = byovizoy )2 = Ggovlgoy@® — kiflg (15)

where i, is the transmission ratio between crankshaft and governor axis (=0.5), N, is the flyweights
centrifugal force = (@gov + byov2)w?, With @y, by functions of flyweights mass and sensing elements’
geometrical characteristics, N, is the spring restoring force = k(i + z), with k the spring stiffness,
Yo the prior spring strain (a measure of the governor setting or “throttle” position) and z the current
deformation of it [resulting from the change in speed due to the load increase (or decrease)], f'is
the friction coefficient of the governor clutch and m,,, is the mass of the clutch and the flyweights
reduced on the clutch axis.
For the servomechanism, it holds, on a time basis [31, 32]:

dy, _
Dservo dt + Bservoys =Z (16)

where z, = (z — zy)/z0, with z, the initial governor sensing element position, found by application
of equation (15) at steady state, y, = (¥ — yo)/¥o, With y, the initial servopiston position and y its
current one, and Dgw,, Bero are constants deriving from the servomechanism’s dimensions and
technical characteristics [32]). Between servopiston position y (0—15mm) and fuel pump rack
position A, a linear correlation exists.

MULTI-CYLINDER ENGINE OPERATION

For the proper simulation of the four-cylinder engine transient performance, a multi-cylinder
engine model has been developed, i.e. one in which all the above mentloned differential and
algebraic equations are solved separately for each cylinder.
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At steady state operation, the performance of each cylinder is essentially the same, due to the
steady state operation of the governor clutch and, therefore, of the fuel pump rack, resulting in
the same amount of fuel injected per cycle. At transient operation, however, each cylinder
experiences different fuellings during the same engine cycle (this means differentiation in gas torque
from cylinder to cylinder) due to the continuous movement of the fuel pump rack, caused by the
load change. These differentiations in fuelling result in significant differentiations in torque response
(mainly during the early cycles, which nonetheless, affect the whole operation) and finally speed,
as has been found by comparing the model results using both ‘“multi-cylinder” and
“single-cylinder” simulation philosophies.

It is noted here, that the case of multi-cylinder engine operation presented in this paper (i.e. faulty
injection in one cylinder) could not at all be studied using “‘single-cylinder”” assumptions modelling
for the multi-cylinder engine, since no differentiation in cylinder operation is included in these
“simpler” models. The present multi-cylinder engine modelling can also be used for the
investigation of similar “faulty” operation at steady state conditions.

SOLUTION OF EQUATIONS

The calculation of all the above stated differential equations starts at the inlet valve closure
position at the initial operating point (15% of engine full load at 1500 rpm), where an estimation
of temperature, pressure and composition for all control volumes is made, and thereafter, a series
of cycles (3-5) is performed up to the moment when the variables do not change from cycle to
cycle, beyond a certain limit set for accuracy. After thermodynamic equilibrium is achieved, the
simulation program proceeds with the transient subroutines now “turned on”, but still without load
change. This is made so that a dynamic equilibrium is also achieved at the initial operating
conditions. This process requires one to two cycles.

After that, the load change is applied and the transient response evolves. The conservation of
energy equation [equation (13)] is solved at each degree crank angle, providing the new values for
angular velocity and acceleration. The new value of angular velocity is used for the thermodynamic
calculations in the next step which, in turn, provide new values for engine torque, used by equation
(13), and so on. At each degree crank .angle and after the new angular velocity has been found,
equations (15) and (16) are solved, which provide new values for the sensing element and the
servopiston positions z and y, respectively. From y, we find the corresponding fuel pump rack
position s. At 38° CA before Top Dead Centre (static injection timing position) and with the
current values for w, £, the fuel injection map subroutine is called for the evaluation of the amount
of fuel injected. At the end of the cycle, mean values of all important properties are computed.

From the above analysis, it is obvious that the present simulation is a detailed one, accounting
for changes at each degree CA, thus providing increased accuracy over previous models. The model
is assumed to finally converge when the speed, governor positions and engine and load torques
(mean values over the engine cycle) present no change in the current cycle compared to their values
in the previous one beyond a certain limit of accuracy; this limit in the specific study was 0.02%
for the speed and torques and 0.1% for the governor positions.

EXPERIMENTAL FACILITIES AND PROCEDURE

The experimental procedure, necessary for the calibration of the thermodynamic model under
steady state operation, was conducted on a single-cylinder, Ricardo E-6, indirect injection diesel
engine, fitted with a Comet MK.V swirl prechamber [7]. The basic engine design data are given
in Table 1. The engine is coupled to a “Lawrence-Scott” NS Type, swinging field a.c. dynamometer
for measuring the engine performance. Flush-mounted, water-cooled, piezoelectric “‘Kistler”
transducers coupled to “Kistler” charge amplifiers were used for cylinder pressure diagrams
acquisition. The pressure traces were recorded using a fast signal-sampling system of a laboratory
data-processing IBM-compatible PC [33].

A detailed experimental investigation of the engine processes was performed for various
combinations of speeds and loads. The experimental results obtained were used to calibrate the
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thermodynamic model at steady state conditions, so that the appropriate Whitehouse-Way
combustion and Annand heat transfer model constants were made possible to be estimated.

RESULTS AND DISCUSSION

The sensitivity of the engine transient response, as a result of a rapid increase in load, to various
dynamic and thermodynamic parameters and for a constant governor setting is presented in
Figs 1-14. Two kinds of diagrams are mainly given. The first ones show the response of speed
together with another, typical for each case, property, such as injected fuel or maximum cylinder
pressures, and the second ones quantify the effect of each operating parameter on the speed droop
and the recovery period. By the term speed droop, it is meant the (instantaneously) maximum
deviation of speed from its initial value divided by the initial speed of 1500 rpm. By the term
recovery period, it is meant the time period needed for the engine to reach 98% of its final speed.
The term equilibrium period would possibly be more accurate here, since no restoration of speed
is actually achieved.

For all cases analysed below, unless otherwise stated, the following assumptions are valid:

(a) the initial load is 15% of the engine’s full load at the initial speed of 1500 rpm;

{(b) the engine full load (100%) at 1500 rpm is applied within 0.2 s;

(c) the resistance type is linear, i.e. T=0 and s =1 in equation (11), resulting in 7\ = kw;

(d) the total mass moment of inertia Gi = 1.5 kg m%

(e) the coefficients c.om» and ¢ are at first zero (as their contribution requires experimental
validation).

Figure 1 is a complete presentation of the predicted engine response to the nominal load change.
Speed, injected fuel, engine and load torques, brake mean effective pressure (bmep), governor
positions, angular acceleration, brake specific fuel consumption (bsfc) and maximum cylinder
pressures are given with respect to the engine cycles (or the time). At the initial condition, the engine
and load torques are equal. As soon as the new load is applied, the engine speed drops because
the load torque becomes considerably greater than its engine counterpart. This leads to a movement
of the governor sensing element which, in turn, shifts the servopiston (and consequently the fuel
pump rack) towards a position of more fuelling. During the early cycles (where the energy deficit
is greatest), the highest values for crankshaft deceleration occur. With the gradual increase in
fuelling, the engine torque begins to rise, together with the cylinder pressures and brake mean
effective pressure, and the brake specific fuel consumption improves itself (decreases) considerably.
Two seconds after the application of the load change, the engine torque becomes equal to the load
one, and at this point, the lowest engine speed is observed. Because of the type of load involved
(linear), the drop in speed causes also a drop in load torque, resulting in quicker counterbalance
between engine and load.

The final equilibrium is achieved after four seconds or fifty cycles. The final value for the amount
of injected fuel per cycle is about 27 mgr, which corresponds to 90% of engine full load. Although
the full engine load (100%) was applied at the initial speed of 1500 rpm, we note that the final
condition corresponds to 90% load. This difference occurs because, as previously mentioned, the
load torque decreases with the drop in speed, thus less power is needed from the engine for the

Table 1. Engine basic design data. Ricardo E-6 (Comet MK. V) research diesel engine

Type Single-cylinder, Four-stroke, IDI
Bore 76.2 mm

Stroke 111.2 mm

Connecting rod length 240.5 mm

Compression ratio 21.29

Prechamber volume 11.5cm?

Main chamber dead volume 13.5cm?

Intake valve opening 8° CA before Top Dead Centre
Intake valve closure 36° CA after Bottom Dead Centre
Exhaust valve opening 43° CA before Bottom Dead Centre
Exhaust valve closure 7° CA after Top Dead Centre

Static injection timing 38° CA before Top Dead Centre
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Fig. 1. Predicted engine response to an increase in load.

equilibrium at a lower speed. If the resistance were rigid (cf. Fig. 4) or if an isochronous governor
were used, irrespective of resistance type, the final load would be similar to that applied at the
beginning. It is important also to note that a slight phase shift is observed when comparing speed
and fuel profiles. This is because the governor (which is responsible for the amount of injected fuel)
has an inertia of its own, which leads to a hysteresis in its movement (as described by equations
(15) and (16)) compared to the speed. The fuel, engine torque, bmep and maximum pressures
profiles present, as expected, the same phase development, as they all depend directly upon the fuel
term.

Figure 2 shows the variation of engine speed and injected fuel with respect to the engine cycles
for three different cases of final load, i.e. 45, 80 and 100% of engine full load at 1500 rpm, while
Fig. 3 concentrates on the effect of the applied load on the speed droop and the recovery period.
As expected, the greater the applied load, the higher the deceleration of the crankshaft, leading
to lower final speed and greater amounts of injected fuel at the final conditions. The minimum
speed is observed at the same cycle (23-25th) for each case. The speed droop presents a considerable
variation (i.e. 3-8.5%) according to each case, showing how important the intensity of the
applied load is, while the recovery period shows no significant change for final loads greater than
70%.

Figure 4 presents the development of the speed and load torque with respect to the engine cycles
for three different load (resistance) types: rigid, linear and quadratic load. For those types of load
which are affected by the engine speed, the final equilibrium is reached faster and with lower speed
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droops. The rigid load, on the other hand, is a more difficult case, since the response of the system
depends on the engine alone. The cycle where the minimum speed occurs is retarded as the exponent
s of angular velocity w in equation (11) drops.
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Fig. 3. Speed droop and recovery period as a function of load change.
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Figure 5 shows the development of the speed and reduced angular acceleration (=angular
acceleration of the current cycle divided by the maximum possible value) for three different cases
of load schedule, i.e. 0, 0.2 and 1.5s. It is obvious that the slow application of load reduces the
initial angular deceleration considerably, thus affecting the whole speed profile and retarding the
cycle at which the minimum speed is observed, though the speed droop and the recovery period,
as given in Fig. 6, present no significant change in any case. As a result, for a naturally aspirated
engine and for a linear resistance type, the load schedule plays a rather secondary role on the engine
response as regards speed droop and recovery period, and this is mainly due to the slower response
of the governor following a slow load application.

The effect of equation (8) is studied in Figs 7 and 8. The speed variation, together with the
transient fmep, are given in Fig. 7 with respect to the engine cycles, while the corresponding speed
droop and recovery period with respect to the coefficient ¢ (¢ = 0, 0.5 and 1.0) are given in Fig. 8.
The transient fmep, as described by equation (8), is considerably greater during the early cycles
with higher values of ¢, compared to the nominal case of ¢, = 0, thus leading to higher speed
droops (8.5% compared to 11% for values of ¢, equal to 0 and 1.0, respectively); at the same
time, it affects the recovery period and advances slightly the cycle where the minimum speed is
observed. Clearly, the engine experiences greater energy deficits during the early cycles, and for
a greater period of time, with higher values of ¢, though the movement of the governor is more
rapid.

Figure 9 examines the effect of the coefficient ccom» (Ccom = 0, 4.0 and 8.0), in equation (5), on
the speed variation with respect to the engine cycles, which is presented together with the
corresponding variation in the Whitehouse-Way combustion constant K, for the main chamber.
The rapid increase in loading causes a rapid increase in fuelling, so that, in general, misfunctions
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‘e expected in the fuel pump and the combustion process, which limit the value of the preparation
stant K, thus deteriorating the engine response and advancing the cycle where the minimum
seed is observed. The speed droop and the recovery period are roughly doubled from the case
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of Ceomp = 0 t0 Ceomy = 8.0, as shown in Fig. 10. All these resuits are based on a friction coefficient
¢ = 1.0, which *““boosts” the results due to the more rapid increase in fuelling which it creates (cf.
remarks about Fig. 7).
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Figure 11 presents the development of speed and maximum cylinder pressures (main and
prechamber) with respect to the engine cycles, for three different cases of compression ratios. The
engine under study is a variable compression ratio one, so that a different (thermodynamic)
calibration was possible for the study of each case. The compression ratio does not seem to play
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an important role regarding speed response, while it affects, as expected, the maximum pressures
and bsfc (not shown here) considerably. The speed droop and the recovery period, which are given
in Fig. 12 with respect to the compression ratio, differ a little from case to case. From these two
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figures, it becomes obvious that the choice of the optimum compression ratio remains a matter
of the steady state, rather than transient, response optimization procedure.

The last two figures deal with an (imaginary) four-cylinder engine version which possesses the
same technical characteristics as the single-cylinder one; they illustrate the effect of one cylinder’s
faulty injection system on the whole engine response. It should be noted here that the absolute
values for the speed droop and the recovery period between the two engines are not comparable,
since the total mass moment of inertia of the four-cylinder engine is not four times that of the
single-cylinder one.

In Fig. 13, three cases are studied. The first one is the nominal case with the static injection timing
equal to 38° CA before Top Dead Centre for each cylinder. In the second case, the third cylinder
experiences a static injection timing of 10° CA before Top Dead Centre and in the third one of
5° CA after Top Dead Centre. The speed profiles with respect to the engine cycles are given in
Fig. 13, together with the bmep and brake efficiency of the “faulty” cylinder and the mean amount
of injected fuel per cycle. The load change here is 15-80%, so that a surplus of energy between
engine and resistance exists for the engine to overcome the third cylinder’s faulty performance. This
is accomplished, as can be seen from the injected fuel subdiagram, with the help of an extra amount
of injected fuel compared to the nominal case. The bmep of the problematic cylinder can take even
negative values (i.e. motored), and the same applies to the brake efficiency.

In Fig. 14, only the 10° CA before Top Dead Centre static injection timing case for the faulty
3rd cylinder is examined and compared to the nominal one; now the load change is 15-100% and
two different resistance types are investigated (rigid and linear). Engine equilibrium is achieved in
case 2 (linear load) because the type of load, as was previously stated, helps the response. As the
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speed drops (in the case of the linear load) so does the load torque, and the engine can cope with
the problematic performance of the 3rd cylinder by increasing more the amount of injected fuel,
though the final speed is lower (1380 rpm) compared to 1400 rpm of the nominal ‘“healthy” case.
However, when the resistance is rigid (case 3), there are no margins for the engine to cope with
the faulty cylinder, and the engine stalls (continuous loss of speed until stop).

CONCLUSIONS

A detailed transient analysis was performed on a single-cylinder, naturally aspirated, diesel
engine for studying the sensitivity of engine response to various dynamic and thermodynamic
parameters. For this purpose, a single-zone thermodynamic model was used and tested favourably
against experimental results at steady state conditions. Dynamic simulation submodels were
developed to study the fuel injection, inertia forces, conservation of energy in the
engine-flywheel-load system and governor movement. A multi-cylinder engine model was also
developed for the proper simulation of the four-cylinder engine version transient response. The
following conclusions were derived from the present investigation of the naturally aspirated
engine.

Friction and combustion deterioration during the transient operation (as described by equations
(5) and (8)) due to rapid load changes can affect the engine response considerably. Experimental
validation of this conclusion needs to be made.
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The intensity of the applied load affects seriously both the speed droop and the recovery period.

The type of load involved (rigid, linear, quadratic) plays a significant role, as loads which depend
on speed vary favourably during the operation according to w, thus contributing to quicker
equilibrium.

The load schedule affects the speed profile but not the speed droop and the recovery period
significantly.

The compression ratio plays a secondary role affecting thermodynamic (e.g. maximum cylinder
pressures) but not dynamic (e.g. speed) properties.

It is a matter of final load applied and type of load involved for an engine with one problematic
cylinder to cope successfully (though with greater speed droop) with a specific load change.

All in all, the speed droop improves with speed dependent load types and low values of applied
load, while it stays unaffected by the load schedule and the compression ratio.

The recovery period deteriorates with big applied loads, rigid type of resistances and faulty
operation of at least one cylinder in a multi-cylinder engine, while it is not affected remarkably
by the compression ratio and the load schedule.
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APPENDIX A

Inertia forces and moments
With reference to Fig. Al, it holds for the piston:

x=r(l —cos¢)+ L[1 — (1 — A*sinp)'?] (Al)
_dx _ : A€os @ _
c=q = rw{sm (p[l + 0= i’sin lw),,z]} = roR, (A2)
Cdx ., Mcos2p + Asin‘e) | 1 o]
b= g =re [cos o+ 0 = Tsinig)” + 5 €Rl | = ro'R: (A3)

In the above three relations, x is the piston (linear) displacement measured from Top Dead Centre, ¢ is the piston velocity
and b is the piston acceleration. Crank angle ¢ (in rad) is measured from the Top Dead Centre position. The second term
on the right hand side of equation (A3) (i.e. (1/w?)eR,) allows for the contribution of the crankshaft’s angular acceleration
¢ on the linear acceleration of the piston. The term ¢ = dw/ds is given by equation (14).

The connecting rod is considered as a rigid body performing a rotating and reciprocating movement at the same time.
According to Fig. Al, it holds:

LsinB=rsin(p=>L%€cosﬁ=r%('lgcosq) (A4)
- cOosS
7 = et = A0 T E o (AS)
B dwwed _ . . o A= . cos @
A = dr T e = AONSINQ T s T A T o) (A6)

In the above three relations, w.« and e.s are the connecting rod’s angular velocity and acceleration, respectively, while
is the rod’s angle (in rad), that is the angle that the rod forms with the cylinder axis.

With reference to Fig. Al, a (moving) frame of reference orthogonal axes (n, 1) is considered, which are fixed on the
rod, with directions paralle! and perpendicular to the rod’s axis, respectively, and components Ns and Ns of the crankpin
force on them, respectively. A balance of all forces acting on the rod, analysed in n and ¢ directions, and a moments balance
with respect to the crankpin axis, gives:

n-axis forces: Ne¢+ Npycos f+ Nasin = Ns — Nicos § (A7)
t-axis forces: Ns— N,sin §+ Nscos f =N+ Nisinf (A8)
moments: — Ny(L cos B) + Nyr sin ¢ = Groatrod — N1 Xrod SI f ~ N Xrod (A9)

Ty = Grod Erod ,

N, = Mg I WPR,

N, = Mg (L —Xroa) € g

N3 = Mo (L —xrogwid
Centre N, = m,rw’R,

® Connecting rod centre of gravity

Fig. Al. Piston—connecting rod—crank mechanism illustrating forces and torques.
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In the above equations, N, = —mprw’R; is the transiational force along the cylinder axis acting on the piston assembly
to produce its acceleration and N, = mw.arw?R: is the force acting on the connecting rod centre of gravity due to the linear
acceleration of the piston. Also, N2 = Mwa(L — Xroa)€roa aNd N3 = Mra(L — Xroa)Wha, With (L — Xrod)€re being the tangential
component and (L — Xq)wha being the normal component of the rod’s centre of gravity acceleration with respect to the
piston pin. Also, in the above equations, m, is the mass of the piston assembly (piston, rings, wrist pin), m.. is the total
‘mass of the connecting rod, G is the rod’s mass moment of inertia with respect to its centre of gravity, and X is the
distance between the rod’s centre of gravity and the crankpin axis. The gravitational forces are neglected.

The system of equations (A7), (A8) and (A9) can be solved for the unknown forces Ny, N5 and Ns. Force N, is the force
acting by the piston on the side wall of the cylinder. The sum of the projections of forces Ns and Ny on an axis perpendicular
to the crank radius produces the tangential (inertia) force Nvi» due to the inertia of the moving parts (piston and connecting
rod) acting on the crank, i.e.

Nrin = Nscos(¢ + B) + Nesin(e + f) (A10)



