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ABSTRACT

This thesis consists of two parts;
Part I: Model Development and Evaluation
Part II: Engine/Fuel Analysis

In Part I, a'thermodynamic and combustion model was develoﬁed for a two-
‘ stroke, turbocharged, compression ignifion engine. The model was fitted to the AVGP-

GM6V53T engine through direct correlation with experimental data.

Considerable attention was given to the combustion model and involved the
development of an ignition delay, fuel-air mixing rate, fuel-air reaction rate and equilib-
rium combustion submodels. Combustion is based on funﬂamental chemical kinetics
and assumes 't.hat equilibrium of seven chemical reactions is reached at each calculation

step.  Thus, the history of combustion products/emissions is traced throughout the

cycle.

An extensive model evaluation study was performed. It was found that the
model can accurately predict both engine performance and combustion characteristics
over the complete speed/load range of the engine and for all three test fuels. Thus,
the fundamental objective of developing a model that could simulate the AVGP engine

when burning off-specification fuels was realized.

In Part II, engine/fuel interaction studies prgyided considerable insight into
the behavior, combustion and {gnition delay of the off-specification fuels. A number
of parametric studies were conducted and focused on both engine performance and
combustion parameters, ixi_;articula.r: indicated power, ﬁhenﬁal efficiency, maximum
cylinder pressure and maximum cylinder pressure rate. Intercooliﬁg was seen as

the single most promising parameter for improving engine performa.ncev and could be

coupled with increased mass of injected fuel and/or tuned injection timing. Also, of the
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standard engine variables, injection timing was seen to be the most attractive approach
for con’trolling the high pressure rates aésocia.ted with ‘the low-cetane fuels; however,
losses in thermal efficiency also result. On the other hand, it was predicte& that an
optimized dual injection (pilot plus main) co_j_lld reduce the pressure rates of Fuels 3
and 4 to the level of Fuel 1 without any appreciable loss in engine‘the.rma.l'eﬂigiency or

rated engine power.
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CHAPTER 1

‘ INTRODUCTION

L1 BACKGROUND AND OBJECTIVE |

While Canadian Tar Sands crude oil market penetration forecasts vary, it is
clear that these vast reserves will eventually provide a significant portion of Canadian
oil demand._ It is projected that such penetration will result in off-specification diesel
fuels, especially their aromatic content a.n'd cetane number. In this regard, tl?e CGSB™ -
fuels panel, through a nation wide survey of the oil industry, concluded that a 35 cctane
fuel with high end poini-:s (to 380 °C) could result in the 1980-2000 time frame. It
is now generally accepted_t‘hat this fuel is more likely to see penetration in Canadé
. after the yearﬂ@&@the 1990 fuel will most likely be a 37 cetane with no significant
changes in the end proéucts [1]. One important step towards the utilization of the
middle distillate and tar sands crude is clearly the identification of engines tolerant of

~ broader or more relaxed fuel properties.

The de\{elopmen_t of such an engine is yet in an early stage. The research follows
" three brinciple paths: engine testing, bench studies and numerical modeling. Bench
studies lend well to R&D directed at injector spray characteristics, ignition delay and
combustion pressure rates. Engine tests can provide extensive evaluation of engine
performance characteristics, emissions characteristics and combﬁstion characterisLiES//‘
subject to controlled input variables. It is also 'miportant to guide the experimental

research by developing predictive analytical models and theory applicable to the fuels

of the 1990%.

2

The thermodynamic and combustion modeling program is seen to have several

principal benefits. First, the simulation model, once tested for actwgacy, can be used

* Canadian General Standerd Board



-8 -

to predict peﬁormmce.—tféids in terms of fundamental design parameters. In this
regard, the following are of specific interest to the overall R&D objectives:

a) to gnalyze engi’ng—fuel interaction, especially when burning off-specification fuels;

b) to model early combustion parameters such as ignition delay and maximum cylin-

der pressure rate;
¢) to evaluate engine performance trends subject to engine parameter variations;.and

d) to conduct pressuré rate analyses and gain insight into: controlling parameters

related to knock and rough combustion.

Such results can then be used to shorten and dire.ct specific experimental investigation,
and to aid the desigﬁer in a better understanding of the effects of va.rious_design_c.hanges.
Second, the compilation and ordering of existing knowledge helps to determine those
areas in which knowledge is inadequate, thus identifying important areas for future
research. Further, modeliné in general provides considerable insight and understanding

of the physical test results and phenomenon.

1.2 MODELING/LITERATURE OVERVIEW

The use of modern computers for engine cycle analysis makes more complex and
realistic cycle calculations possible. As a result, interest in combustion modeling has
been growing since the 1970’s. In general, a diesel engine thermodyna.rﬁic simulation
consists of a series of sub-models such as cycle processes, heat transfer, fuel injection,

ignition delay, combustion, gas exchange process, etc.
., . —_—

Cycle process models a:re typically based on the air standard cycle calculations
by solving the first law of thermodynamics. These techniques can be easily found in

most thermodynamic textbooks such as Obert [2]; Wark (3] and Eastop {4]. In the
. L

B
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‘compression ignition engine cycle, the combustion model is referred to as a heat release

model; this is discussed in detail by Benson and _Whifehouse [5]. / In a combustion

chamber, the basic method to calculate the cycle processes is to solye 'the first law of

thermodynamics and the mass continuity equation. J

Heat transfer processes in a combustion chamber are very complex, invelving
rapidly \ra;ying gas pressure and temperature and local fluid velocities.  Heat flux
into the walls varies- throughout the engine cycle from a small negative value to a
large positive value and also varies due to differences in local gas temperatures and

velocity.  Up to now, an adequate theoretical analysis of heat transfer under these

conditions has not been achieved. The heat transfer calculations usually performed

are semi-empirical. These models are all dependent on an estimate of the instantanecous

conditions in the engine combustion chamber.  Numerous investigators have reported

‘on work of this kind [6-11]. Annand’s paper [12] gives a critical examination of much

of the earlier published work. Few of the multitude of formulae referred to are now
of much more.than historical interest. Th{ee have been used in cycle calculations at
various time, these are by. Eichelberg [8], Annand [12] and Woschni [13]. Eichelberg’s
model has the virtues of simplicity and explicitness. There are no unknown or variable
constants so it is easy to use. The Annand and Woschni expressions, although different

in form, are both baséd.largely on turbulent convection considerations.

Ignition delay is a critical model in thermodynamic calculations. ~ For this
analytical work, a precise ignition delay model that would fepresent not only the engine
operating point (speed and load) but also fuel quality was required. = From a broad

survey of the literature, a number of ignition delay models were identified and evalu-

ated. The work done by Wolfer (14], Faeth [19], Hardenberg [20] and Pedersen [21]

_ are commonly-used. (Model details are given in Appendix ‘A’). None of the models,

however, included a correlation of ignition delay with both engine speed/load and fuel

“quality.
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The cohlbustion model is of primary interest to the R&D program. The nature
and the complexity of the combustion model depends on the type and purpose of the’
cycle calculation.  Thus, they can be classified as Diagnostic Models or Prediction

Models.

Diagnostic models are used to better understand an engine’s behavior, Heat

release calculations are at the heart of most diagnostic applicai;ions. In this technique,

measured engine cylinder pressure data are analyzed to determine how fast energy was
released in order to create the measured pressure. Schweitzer [22] described a heat
release model for diesel engines more than 50 years ago. He lumped heat transfer
losses with the energy addition from combustion to derive a simple equation for the
energy release rate.  This equatio.n could be evaluated completely with data from a °
ﬁressure—volume (P — V) diagram. Diagnostic models produced all of the important
features of the diesel heat-release diagram, as shown by Obert [23], Amann [24], Foster
[25] and B'lu-mberg [26]. The step to digital-computer codes to carry out. heat release
calculations was taken by Austen and Lyn [27] and Krieger and Bormé.n [28] for direct-
injected diesel engines. Their diesel heat-release model considereq a single-zone and
as;umed that injected fuel was imme&iately mixed and burned within the cylinder. A
paper presented by Gupta and Sharma [29] providéd an excellent method to calculate
the mass burning rate (or heat release rate) in a diesel engine taking into account

dissociation _and heat transfer effects.

In the literature, diagnostic heat-release models have been used: (1) to convert
experimental data into a more fundamental form, (2) to provide a means of computing
or estimating quantities which are difficult to measure, and (3) to evaluate the effects

of cyclic variations.

Prediction models, for the most part, are the inverse of diagnostic models. Pre-
diction requires a deep understanding of the strengths and weaknesses of a model as

well as an understanding of the range over which the model is valid. Good predicfions
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have been achieved by modest improvements on the air standard cycle by using small

steps and assuming épatially uniform cylinder conditions (i.e. composition, presdure

Tand temperature) and considering combustion as a “heat-release” process. This may

be called a “single-zone” model. In some cases the model has been made more complex
by considering the way in which fuel and air mix inside the cylinder and expressing the
result as if the cylinder contents consist of a volume of air and a volume of air, fuel and

combustion products. This is referred to as a two-zone combustion model.

4 Single-zone combustion models are represented by Austen and Lyn (30] and

"Whitehouse and Way [31], [32]: Lyn's method emphasizes the importance of the ra.t‘éf‘"
of fuel injection and also indicates how the various stages of the combustion process may
be dealt with mathematically. The Whitehouse-Way model assumes droplet diffusion
in the combustion chamber and allows for the effect of oxygen available on mixing. - This\
method provides two-governing equations: a reaction rate model and a preparation ratcl
model with implicit ‘ignition delay. This latter approach was examined in detail

[49,50,51,52] and will be the subject of further discussions in Chapter 4.

<l
Two-zone combustion models divide the combustion chamber contents into two

parts'and assume uniformity within each part. Such two-zone models have been de-

veloped both for quiescent combustion chamber engines by Whitehouse and Sarcen 133]

and for the case of anvgngine with air swirl by Whitehouse and Abughres {34). The
it

temperature and compeosition of the “burning Zone” is obtained from the masses, com-

_ bustion rates and energy balance, and results in a pressure/volume relationship. The

- other “ non-burning zone” consists of that part of the gases originally trapped, rﬂa.inly

pure air, that has not yet been incorporated into the burning zone. The first law of
thermodynamics, the ideal gas law and the volume/time relationship for the engine are
used to determine the pressure, temperature and volume relationships.  Multi-zone
combustion models are at early stages of development and can be used to explore chem-
istry and obtain emission data. Some of ti1e work published in this area is by Shahed

[35], Hodgetts [36], Bedran [37] and Amsden (38].
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1.3 THERMODYNAMIC AND COMBUSTION MODEL OVERVIEW

The objective of the thermodynamic and combustion .rnodeii.ng was to achieve .
an acceptable simulation of the 6V53T engine with spe'f:'iﬁe__d fuels, thus allowing nu-
merical engine-fuel parametric studies to be performed. Clearly, with the current
state-of-the-art as evidenced from the literature overview, this can only be reasonably
approached-through direct correlations of semi-empirical predictive models \vii;h exper-
imental data. Further, it is also clear that new models, especially those that correlate:
with fuel properties_and'engine. operating point (speed, load), will have to be developed
if the R&D objectives are to be met. Fundamentally, the requirement is to predict the
instantaneous gas state in the cylinder, namely: the temperature, pressure and species
concentrations (reactants and combustion products). = The overall simulation prpgl':am
is structured as a number of sub-models which include: ¢

a) engine geometry and design,

b) fuel properties and simulatiog

¢) heat transfer, .

-d) fuel injection rate and timing (functions of engine speed and load),

e) initial state for the start of cyele calculations,

f) ignition delay, ™ 3

g) fuel-air mixing rate, |

h) mixed fuel-air reaction rate,

i)' thermochemical calculations for combustion processes,

j) blowdown and scavenging processes and cycle closure,

k) calculation of engine indicated performance, and

1) calculation of combustion characteristics.

Of all the submodels, those that integrate to make-up the combustion process
of the engine are seen to be the key for accurate simulation and reliable predi;:tive capa-
bility of the model. The combustion process, though lasting only several milliseconds,

houses all key combustion characteristics (eg. maximum pressure rates and cylinder
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pressures, etc.) and determines the performance of the engine.  Furthermore, it is
during this period when fuel properties manifest themselves with regard to engine-fuel
interaction and combustion/engine behavior. Additionally, the engine operating point

is subtly integrated with this interaction and behaviour and changes their character

with every speed and load setting.

The philosophy used in this research for modeling the combustion process is
depicted in Fig. 1.1. Here, four models, namely: ignition delay, fuel-air mixing
rate, fuel-air reaction rate and thermochemical calculation, control the process. It
should be noted that each of these models, either explicitly or implicitly, involve both
fuel properties and engine operating speed/load parameters.  Of particular interest
is the combustion model. Here, rather than us;ing the heating value of the fuel,
fundamental thermochemics is used. This permits, through a fuel simulation of C/H
ratio, density and aromatic content, these properties to be involved directly in the
combustion process. Seven chemical equilibriﬁm reactions, resulting in eleven species,
are used. Through an iterative procedure, using the enthalpies of formation and

the total enthalpies of each species, the instantaneous thermodynamic state and species

)

concentrations can be determined.

Figure 1.2 shows the operating concept oft‘éie overall simulation program. Ini-
tially, data specifying the enginé design, fuel properties and simulation point are read.
Thereafter, a computer generated simula.iied fuel and Tnjection schedule are established.
To start cycle calculations, initial conditions (temperature, pressure and mass of trﬁpped

gases) at the start of compression are selected and correlated with the test point -of in-

terest.

The main body of the program evaluates the instantaneous gas state in the
cylinder {temperature, pressure and species concentrations) as a function of crank an-
glé position. This involves a large iteration of six major submodels (heat transfer, fuel

injection, ignition delay, fuel-air mixing rate, fuel-air rea.c't_:ion rate and chemical equi-
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librium) together with the cycle process calculations. The incremented ‘calculation
step’ is set at 1 °C A except from 30 °bTDC to 10 °aTDC, where 2 step size of 0.1 °C A
is used. This high precision step size is used during the critical, and rapidly changing,

combustion process region.

Following blowdown and scavenging, the cycle is closed and engine indicated

performance and combustion characteristic data are determined.

FUEL IMJECTION MODEL
FUEL-AIR MIXING RATE MODEL o
. PRE~FLAME
REACTIONS ) COMBUSTION .
. PREMIXED DIFFUSION
IGNITION DELAY FLAME - FLAME
(PHYSICAL & CHEMICAL)
LOCATION LOCATION
OF MAX. DP OF MAX. P,
i TOC
IGNITION REACTION MIXING
DELAY MODEL RATE MODEL RATE MODEL
CONTROLLED CONTROLLED CONTROLLED o
COMBUSTION MQDEL CALCULATIONS
(CHEMICAL EQUILIBRIUM)

(CYLINDER THERMODYNAMIC STATE
AND SPECIES CONCENTRATION)

Fig. 1.1: Combustion Event Sequence and J-iode]ing Structure ’
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READ DATA RE. SINULATION POINT (RPM, LOAD)

READ DATA RE. ENGINEK, YUELS, INJECTION TIMING, -THERMODYNAMIC PROPEATIES, ETC.

!

CALCULATE INRITIAL CONDITIONS: V“‘. P

» T

in in,

A
TRAPPED MASS M,
SIMULATE FUEL COMPOSITION BASED ON THREE HYDROCARBONM SPECIES

l

F/A RATIO, s, ETC.

CALCULATE FUEL INJECTION RATE, TIMING (START AND END POINT)

!

Y9 ¥inr P1*Pine T Tine

SET THERMODYNANIC STATE AT START OF COMPRESSION TO INITIAL CONDITIONS
*CA = START OF COMPRESSION

NO

HAS
FUEL INJECTION
STARTED?

INJEC- |
TIOR START
POINT?

YESL  carcuLaTE

IGRITION DELAY

l

]

CALCULATE MASS OF FUEL [NJECTED DURING srsp]

CALL FUEL-AIR MIXING RATE
SUBRQUTINE,
OF “READY TO BURN'" WIXTURE

ACCUBULATE MAS3

1

CALCULATE \J’2 .

COMPRESSIOX PROCESS
Py, T,. 4@, ¥k

AFTER
END CF

YES

EXPANS10NY

CALCULATE THE XASS OF FUEL TO BE BURNED {N THE STEP, iM,
BY EITHER THE FUEL-AIR MIXING RATE OR REACTION RATE MODEL

J
i

CALL EQUILIBRIUM COMBUSTION SUBROUTINE. SOLVE FOR

CYLINDER THERWCDYNAKIC STATE P, T2 AND CONSTITUENTS

(MOLES OF COVWUUSTION PRODLCTS, B)
(FOR DETAILS, SFEZ FLOWCHART IN CHAPTER 3)

CALL BLOWDOWS AND SCAV-
ENGING SUNROUTLRE,
CALCULATE MASS FLOW
IN AND OQUT, ENERGY 1IN
AND QUT OF THE CYLINDER.
CALL HEAT TRANSFER.
DEYERMINE CYLISDER P.,
T, AND CYLINDER -
WINTUHE CONSTITUENTS B,

il

STORE CALCULATION RESULTS {(as approprimte, eg.)

1) THERMODYNAKIC PARAMETERS: *CA, Va, Pn, 7
11) COMBUSTION PARAMETERS: 1N, MR, RA, B
111} MASS FLOW IN AND QUT, ETC.

L

|

*CA =“CA + STEP
. (STEP=1*CA EXCEPT FROM 30'bTDC TO 10°2TDC
wHERE STEP = 0.1°CA}

INITIALIZE NEW STEP
Py=Pp V™V T 7 Ta
atc.

! ESTIMATE NEW INITIAL
CONDITIONS P, ,T, Wy

. 15
CYCLE CLOS~
URE OK?

CALCULATE:

YES
1) ENGINE PERFORMANCE: (IHP, [WEP, n ., 1S5FC, ETC.}
11) COMBUSTION CHARACTERISTICS: (P DP M

eax; PDAX, aax

ARD THEIR LOCATIONT)

l

PRINT/PLOT RESULTS I

s Fig. 1.2: Flowegraph of the Simulation Program
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. " CHAPTER 2

BASIC SUB-MODEL DEVELOPMENT

2.1 INTRODUCTION

The thermodyna.mlc model is structured as a system of sub- models as deta:led

~in Section\1.3. This chapter deals with what has been termed the basic sub-models.

These models, in general, relate to and distinguish the engine being studied with respect
to both its design concepts; eg. water cooled vs. air cooled, two-stroke vs four-stroke,
direct vs. indirect injection, etc. and its physical characteristics; eg. cylinder displace-
ment, valve and port opening areas as functions of crank angle position; val\;e, port ar}d

injection timing, etc.

It should be noted that although these models correlate with an actual engine
(6V53T) and fuels being used in‘ the R&D program, no loss in generality results. Indeed
the inverse can be argued.~ For examBle, the fuel simulation model is quite unique
a.n‘d provides the combus;t'on_ model with{a simulated hydro-carbon structure based on
the diesel fuel’s specificatibn test da.te, in particular the C/H fatio, fuel density and
aromatic content. This, in turn, affects not ‘only species concentrations but also the
cylinder ther?nodynamic state and thus, engine indicated performance. Further, any
pure fuel or combination could be used.  Likewise, the fuel injection model which
accurately simulates the 6V53T engine fuel injection timing and flow rate, also allows
any injection profile and rate to be specified. This is the essence of the parametric

and pilot injection studies conducted in the thesis Part I1.




2.2 ENGINE MODEL

For this R&D progra.m, the engine being investigated is the Canadian Forces
AVGP-GM6V53T It is-a V-6, water cooled, direct injected (unit injectors), two-stroke,
turbocharged diesel engine with specxﬁca.tlon as listed in Table 2-1. For the purpose
of analyzing the gas exchange process (blowdown and scavenging), Fig. 2.1 gives the
valve and port timing. The data set giving the exhaust va.lve:and inlet port openinyg
areas, as a function of crank angle positic;n, was obtained from GM-DDA [39].  This
data is listed in Table 2-2'%nd plotted in Fig. 2.2. Also cylinder volume as a function

of engine geometry (Ta.ble 2-1) and crank angle position can bf written as:

7 DS #D*fS 52
= —(1- - 22
V: (CR—1)+ 3 [2(1 coso:)-i-SLsm cx], )
where:
V. — Cylinder volume (m®)

D  — Cylinder diameter (m) /’/

S — Stroke (m)

CR — Compression ratio

L | — Connecting rod length (m)

o.:'__ _ — Crank angle (aegree from TDC)

The above data is sufficient to characterize an engine for the purpose of ther-

modynamic modeling.
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2 TABLE 2-1

- TEST ENGINE SPECIFICATIONS

Manufacturer Detroit Diesel Allison Division (GMDDA)
Model © 6V53T (5063-5394), Turbocharged

Type '~ \ Two cycle; compression ignitiom
Compression ratio’ ,;/ 17.5:1

{ :
Compression pressure

.. -

Idle speéd

Governed speed

Number of cylinders
Firing order

Rotation

Bore

Stroke\\f

Connecting rod length

Piston displacement

Gross horsepower

Valve clearance’

Coolant temperature

525 psi @600 rpm

500~600 rpm
2800 rpm
6

1L-3R-3B-2R-2L-1R
Right hanti (clockwise)
3.875 i4 (98.4 mm)
4.500 in (114.3 mm)
8.81 in (223.5 mm)

318 cu.in. (5.22 1)

275 @2800 rpm (nominal)

cold - 0.026 in.

hot - 0.024 in.

160 - 180°F (72-82°C)
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STEP=0.1°CA . . | vm—

BDC

Fig; 2.1: AVGP-GM6V53T Engine Valve and Port Timing
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TABLE 2-2

GM DATA FOR OPENING AREA OF INTAKE PORT

AND EXHAUST VALVES OF THE AVGP-GM 6VS53T ENGINE

CRANK PISTON
ANGLE TRAVEL EXHAUST INTAKE
{Degree) (in) VALVE AREA PORT AREA
from TDC from TDC "~ (in?) (in?) _-
101.00 2.96100 0.001" . - 0.0
105.00 3.10493 0.199 - 0.0
110.00 3.27731 0.530 0.0
115.00 3.44041 . 0.918 0.0
120.00 " 3.59344 1.326 0.0
125700 = 3.73572 1.721 0.009
126.00 ° 3.76283 1.796 0.103
127.00 " 3.78950 1.870 - 0.243
128.00 3.81570 1.942 0.410
129.00 3.84144 2.012 0.595
130.00 3.86672 2.081 0.792
<P31.00 3.89152 - 2.148 0.996
135.00 3.98600 2.397 1.830
140.00 4.09326 2.408 2.795
145.00 %218823 2.408 3.650
150.00 4.27076 2.408 4.393
" 155.00 4.34072 2.408 5.022
16Q.00 _4.39802 2.408 - 5.526
165.00 4.44262 2.408 5.893
170.00 447649 2.408 6.130
175.00 4.49362 2.408 6.259
180.00 4.50000 2.408 6.300
185.00 4.49362 2.408 6.259
190.00 4.47449 2.408 6.130
- 195.00 4.44262 2.408 5.893
200.00 4.39802 2.264 5.526
205.00 4.34072 1.910 5.022
210.00 4.27076 1.511 4.393
215.00 4.18823 1.091 3.650
220.00 4.09326 0.691 2.795
225.00 3.98601 0.358 1.830
229.00 '3.89152 0.166 0.996
230.00 3.86672 0.130 0.792
231.00 3.84144 0.097 0.595
232.00 3.81570 0.069 0.410
233.00 3.78950 0.044 0.243
234.00 3.76284 0.024 0.103
235.00 3.73572 0.005 0.009
236.00 3.70815 0.0 0.0
237.00 3.68013 0.0 0.0
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Fig. 2.2: Opening Areas of Intake Port and
Exhaust Valves vs. Crank Angle

2.3 FUEL MODEL

2.3.1 FUEL SPECIFICATION

For the R&D program, three fuels were of particular interest, namely: a high
quality reference fuel used to establish ‘baseline’ engine performance and combustion

characteristics. and two'off-speciﬁcation fuels, both being representative of possible fu-
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ture Canadian fuels, * Fuel specifications, taken from Webster [40], are listed in

Tﬁble 2-3 while the following provides a summary of each fuel.

a) Fuel 1: This fuel meets the Canadian General Standards Board (CGSB), 3-GP-
30 standard for high stability diesel and was selected as the reference fuel. Key
specifications are: Cetane No. = 46.7, Total Aromatic = 21.3%, Distillation Range

= 173—351°C and Density = 0.8403.

b) Fuel 3: A blend comprising 40% of a distillate cut from western Canadian tar
sands crude, with 60% from conv:entional western crude both from the St. Boniface
Refinery. This fuel provided an example of a best case*1990 fuel with a substantial .
percentage of tar sands derived products. Key speciﬁcationé are: Cetane No. =
36.9, Total Aromatics = 39.4%, Distillation Range = 171—306°C, and Density =
0.8463. '

¢) Fuel 4: A blend comprising 78% of a distillate cut from a 50/50 mixture of
conventional western Canadian and tar sands crude and 22% of hydrogen treated - |

cracked stock. This provided a fuel containing a substantial level of aromatics |

and cracked components and is typiéal of diesel fuel quality prédicféd for the 1990-
" 2000 time frame. Key specifications are: Cetane No. =-35.9, Total Aromatics =

' 42.35%, Distillation Range = 164—381°C, and Density = 0.8783.

<

“ Al fuels were supplied by the National Research Coupcll of Canada, Fuels and Lubricants Laboratory under the
coordination of Mr. Q.D. Wehater.
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TABLE 2-3

FUEL SPECIFICATION

PROPERTY FUEL 1 FUEL 3 FUEL 4
bDensity @15°C, kg/L (D1298) .8403 .3463 .8783
Distillation (D86)
I.B.P., °C 173 171 164
10% recovered, *°C 203 196 " 196
50% recovered, °C 257 236 268
90% recovered, °C 323 287 354
F.B.P. °C 35l 306 381
Recovered % vol. 98.0 98.0 98.3
Carbon Residual, % mass (D524) 1.9 1.6 1.8
Cloud Point, °C (D2500) -12 -43 -8
bour Point, °C (D97) ~18 ~54 -39
Kinematic Viscosity @40°C, 2.41 1.90° 2.78
mm2/S (D445) . )
Ash, % mass (D482) 0.000 0.C00 . 0.002
Water and Sediment, % wvol. - 0.000 ©.Q00 0.000°
(D1796)
Sulphur, % mass (D1552) 0.21 0.21 0.53
Nitrogen Content (chemilumin- - ' 30 -
escent)ppm by wt .
Flash Point, °C (D93) 57 60 G0
Total Acid No. mg KOH/g (D974) 0.03 _0.6l- --8.03
Corrosion, 3 hr. @L0O0°C (D130) la la la
Cetane Number (D613) 46.7 36.9 35.9
Cetane Index, ASTM (D976) 48.0  40.0  40.0
CGSB
Aniline Point, °C (D6l1l) 64.4 49.8 46.9
Carbon (By Diiference) % mass 86.6 86.39 g7.83
Hydrogen Content, % mass (D370l) 13.4 12.08 12.17
C/H Ratio 6.6 7.15 7.2 .
Smoke Peoint, mm (D1322} 17.0 14.7 12.1
Heat of Combustion, MI/kg {(23.4M) 45.63 45.54 44.94
flydrocarbon Type Analysis
Saturates and Olefins, i 77.8 60.4 56.02
Poly-Aromatics and Polar 0.9 0.2 1.
Compounds, % .
Total Arcmatics % 21.3  39.4  42.35




2.3.2 FUEL MODEL

Ei(perimentalIir'westiga.tions have revealed that the off-specification fuels (Fuels
3 and 4) give rise to high pressure rates during the early combustion period resulting
invzliesel knock and/or pressure waves throughout the expansion stroke [47, 48, 49|.
Thus, one of tﬁe principal objectives of the thermodynamic model was to investigate
this phenomenon and to perform analytical analysis aimed at reducing pressure rates
while maintaining engin‘e performance. Such a demand from 2 thermodynamic model

is unique and requires sub—mbdels which correlate with fuel properties.

The three experimental or test fuels, as is the case for all diesel fuels, are
comprised of many hydrocgrﬁoﬁ species, the composition of which is unknown.  As
such, inf:)rma.tion on their basic thermodynamic properties is unknown (eg. specific
heat, enthalpy, etc.} but rather, what is known or can be determined is simply overall

fuel specification data as listed in Table 2-3.

~In this a.na]yjs.is, one approach used to integrate fuel properties into the analysis
was the establishment of a fuel model. Here, three pure fuels, the basic thermodynamiﬁ
properties of which are well known, are blended to simulate the test fuels. In particular,
to simulate the key speciﬁ'cat-;ion data of C'/H ratio, aromatics content and fuel density.

The three pure fuels (or basic species) selected were:

SPECIES FORMULA: DENSITY (Kg/m?)
n-Octane  CsHis 707.1
Benzene CeHg 884.0
Dodecane CiaHog B28.5

These species were selected on the basis that n-Octane is representative of
gasoline, dodecane is representative of diesel fuel and benzene is a high density aromatic.
In general, not all of the three key specification data can be matched; however, for the

species selected, good approximations were achieved.
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If X1, Xz and X3 are the mass fractions of the species, then, for a unit mass of

test fuel: '
Xp+ X+ Xa=1 ‘ . (2-2)

It is important to match, exactly, the C/H ratio of the simulated fuel with that of fhe
test fuel since C/H ratio is used in the combustion model. Now, defining ‘m;" as the
number of carbon atoms and ‘n;’ as the number of hydrog.en atoms in each species ‘!,
then their molecular weights ‘WI‘-.’ ‘can be written as:

W1 = 12.010m; + 1.008n; = 114.22 for CgH;s,

W; = 12.010m; + 1.008n, = 78.110  for CgHg,

W3 = 12.010m3 + 1.008ng = 170.33  for CygHug.

b

Further, for a unit mass of fuel, it follows that the number of moles of cach

species is given by: X;/W;. Thus, the C/H ratio becomes:
: _ 12,01 X+ R X2+ B X
1.008 J+Xy + FA X, + Bt X

C/H

Equation (2-3) can be simplified by letting k = (1.008/12.01)C/ H,

a; = my/W; and &; = n;/W;. Thus, the C/H ratio Equation (2-3) becomes:
(0.1 - kbl)Xl +'(a2 — kbg)Xz + (0.3 - kbg)Xa =0 (2—‘1)

The third equation can be established from either aromatic content or fuel density, viz: _

Aromatic content:

-~ o
X2 = total aroma.tic@ {2-3) °
Fuel density:
o
X0-8)+x0-L)+x0-L)y=0 (2-6)
71 P2 a3

As stated, all specification data cannot be matched, thus an approximation to Equations
(2-5) and (2-6) must be made. Table 24 lists the simulated fuels selected together

with a comparison of the specification data from the three test fuels.
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2.4 INITIAL STATE

To begin a cycle analysis, an initial state must be determined wherein cylin-

der contents and thermodynamic properties (P;,,Tis) are known or can be accurately

estimated. In general, this can most easily be achieved at the onset of compression.

For the 6V53T engine, the air mass trapped in the cylinder at the end of the
scavenging process {or onset of compression) can be calculated from the charging offi-

ciency formula developed by GM-DDA {39] as:

Nen = 0.9 — (1.0 — 0.34R,) exp(~1.11R,),  for 0.3 < R, < 1.8 (2-7)

where R, is the scavenging ratio defined as:

B = My Delivered Air
*7 M. Ideal Cylinder Mass Based On Airbox Density
and: ' _ |
Pab Vet
M, = 28962 "¢ kg).
’ ¢ Repor - Tap ( ‘g)

where P, and Ty are airbox pressure and temperature respectively, Vi is the total

—

cylinder volume.

Further, from a survey of experimental P — C A data, it can be seen that the
initial pressure (P;,) at the onset of compression is characteristically 1.5 ps? higher than
airbox pressure {FP;;) for the 6V53T engine. Thus, for the onsét of compression (55°

aBDC, Fig. 2.1), the initial state can be accur_a.(tely estimated as:

~
a) Trapped mass in the cylinder; o \

Mg = nen - M, ' ) (2-8)

b) Initial cylinder pressure; /

P;, = P,y + 1.5psi, and (2-9)
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c) Initial cyiinder temperature;
P -V
* Ty, = 2 2-10
1 R- Mdt ‘ ( )

where cylinder volume at the start of compression (V;,) can be obtained from Equation

(2-1). .

2.6 HEAT TRANSFER

2.5.1 LITERATURE OVERVIEW -

Heat transfer between the cylinder gases and the variable geometry combustion
space boundary is a complex process. Further, it is important for thermodynamic cycle
analysis to establish the instantaneous heat transfer throughout the complete cycle, as
this affects the instantaneous cylinder thermodynamic state (P,T').  This, in turn,

controls the combustion process.

For most practical purposes, the instantaneous gas temperature (T}) ﬁlay be
considered uniform throughout the combustion space (i.e. single zone), and further, the
combustion space boundary temperature at a fixed location may be considered constant
over th;a cycle. These “steady-state” boundary temperatures do vary widely from point-
to-point. Thus, the boundary is normally divided into common areas, typically: the

exhaust valve, head, c:;rlinder wall and piston crown areas.

In the literature, the three most common heat transfer correlations are those
by Eichelberg [9], Annand [12] and Woschni [13]; viz:
a) Eichelberg’s model:

q —37r3 | i ,
- =1047x10 V3 (PT)3 (T, — Tw) | (2-11)



b) Annand’s model: S - )
K .
&= o5 (R (T~ To) + ¢(T; ~ ) (2-12)

c) Woschni’s model:

VeiTin
FinVin

where the subscript ‘g’ refers toycylinder gases and ‘w’ to the combusdtion space boundary.

g

0.8 .
2 = 1op-o2pper,ose [AZE: 0, et % (P, - Po)] (T, ~ Tu) (2-13)

In general, heat transfer in\a.n IC engine results from both convectidn and
radiation, which are 1nﬁuenced by the rapid changes in gas temperatures and t::x"l
gas velocities in the cyhnder Thus, forced turbulent fluid flow is considered and
the tonvective heaj;'transfer coefficient is expressed as a correlation between Reynolds

number (R.) and Nusselt number (N¥y) of the form:

N,=C-R. ' (2-14)
Here, * and ‘b’ are constants and the Reynolds number can be written as:
) v,D
R =2 (2-15)
i

where ‘V;’ is the instantaneous gas velocity and ‘D’ is the cylinder bore.

The Annand and Woschni expressions, although different in form, are both
largely based on turbulent convection considerations.  This gives the first term in

Annand’s correlation while the second is a standard radiation térm.

In Woschni’s equation, the index ‘b’ (Eq. 2-14) is taken as 0.8 for turbulent
flow in pipes, and ‘C’ is taken as 0.035 from Hausen'’s équa.tion for turbulent flow in
- pipes. Further, if the densify, viscosity and thermal c;;nductivity of the gas in the
cylinder are expressed as functions of cylinder gasﬁtempe_x;é.‘ture (Ty) and pressure (P.J),
then Eguation (2-14) leads directly to Woschni’s Equation (2-13) where gas velocity is

written as:
VctTm

v, = 01VP+02[P =
m'in

](P,—P,,). L | (2-186)
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Here, Vp is the mean piston velocity; Vi is the cylinder displacement; P, T, and Vi
are the pressure, temperature and volume at the béginning of compfgssion and (Py— Py)
is the pressure differential between fired and motored curves. It could be no'{‘:ed that
(Py— Po) = 0 except duriﬁg combustion and expansion, a.I;d thus accounts for radiation

and additional combustion - induced turbulence.
Both the Annand and Woschni equations have constants which may be adjusted

to give reasonable overall heat transfer values.
Q9

2.5.2 HEAT TRANSFER MODEL R

In this analysis, the combustion chamber of the 6V53T engine was represented
by four heat transfer surfaces, namely: piston crown, cylinder sleeve (\;a.ria.ble), valve

area and cylinder head; yﬁh the following assumptions:
~a) e:;r.ch surface has a uniform temperature,
b) surface tempera?{;res are .'co.ns_ta.nt with time,
¢) surface deposits are ﬁeglected, and
d) the héa'.t transfer coeﬁicignt is the same and uniform for all the surfaces.

Thus, the instantaneous heat transfer rate from the cylinder gases to the bound-

ary can be written as:

dQ 4 '
- = hZ‘I ATy —Tu),  (Kcal/h) (2-162)
1= -
’ whefe:
h —  instantaneous heat transfer coefficient.
A; —  area of surface ‘4’ (m?),

: available from 6V53T engine geometrj'.
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Tw,; — temperature of surface, ‘s’
L T, — instantaneous cylinder gas temperature.

-

The temperatures of the four surfaces selected were-based on values recom-

e

mended by GM-DDA [42]: o

Pift"ﬁ ‘<':1:ov)vn temperature T, =616 __°§' ,
Cyjlinder sigeve temperature " Tw, =422 °K, {2-16b)
Vallth’éfxi{)erature Tuy =616 °K,
Cylinder head temperature Tw, = 560 °K.

Then the instantaneous-heat transfer coefficient can be calculated according to

Woschni’s correlation,viz: -

h =110D70* PPET 05 [clvp +Cy ;:‘:i“: (P, — Po)]o'B . (2-18q)
where:
h — instantaneous heat transfer coefficient-
(Keal/m?-heC), i,
D g cylinder diameter (m),
Py, Ty = instantaneous cylinder pressure (Kg/ cm?)
~ and temperature (°K),
Vp — mean i)iétoﬁ velocity (m/s),
Ve —  cylinder displacement (m?),
.Po — instantaneous cyliﬁder pressure for
a motored cycle (Kg/em?),
PinTin,Vin— initial cylinder pressure (Kg/cm?),

* temperature (°K) and volume (m3)

at the beginning of compression.-

A series of numerical/analytical experiments were conducted to assess the values
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of the constants C'1 and C; relative to the 6V53T engine. It was found, for the operating
range of the engine.(ISOO to 2800 RPM ), that the 'consta.nts recqrﬁmended by Woschni
[23] gave good overall heat transfer values. Thus, quchni’s recommende& values were
used, viz: |
Ci: = 2.28 during compression and expansion, , v
= 6.15 during scavenging, and

Ca =3.24x107% (m/s°K). °

2.6 FUEL INJECTION MODEL

The start, duration and mass rate of fuel injection are critical to the thermody-
namic model. Since these injection parameters vary with both engine load and speed,. -
it was necessary to develop an injection map covering the complete operating range of

the 6V53T engine with N65 unit injectors and cam profile of the AVGP unit.

This objective was reviewed with the GM-DDA Division [42] and a set of in- ~
jection data covering each 20% rack position for every 100 RPM (1500-2800 RPM)
was produced. The map of data was entered into the computer and an interpolation
scheme established to provide the fuel injection profile for any experimental test point

based on experimental fuel flow rate and engine speed.

Thus, for any experimental test point, the fuel injection model will predict the
éta,rt, end and duration of injection; the injection rate and the total mass of fuel injected

as a function of crank angle position. Figure 2.3 gives typical injection schedules for

 full load and two part Ioad operating points (250 and 100 ft-Ib. brake torqwe) at 1500,

2200 and 2800 RPM respectively,
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A~ Eh S .
It should be noted ;hat the model allows complete flexibility in choosing injec-

tion timing and rates, that is, timing can be varied while the above rate is preserved or
both timing and rate may be altered including multiple injection. Such is required for

parametﬁc;nnd-pilot injection studies.

N ’.



_ .CHAPTER 3

IGNITION DELAY MODEL

31 OVERVIEW

In high speed diesel engines,the combustion process lasts about 4-5 ms. How-
ever, the initial phase of the process, that of ignition delay, lasts only about 1 ms or
less. Ignition delay has historically been an area of intense analytical and experimen-
tal investigation. It is this period which characterizes not only diesel fuel quality but

also the combustion characteristics and, to a considerabie degree, the thermodynamic

performance of the engine.
2

During the ignition delay period, a complex set of physical and chemical phe-
nomena must occur before sustained chemical reaction (or autoignition) occurs. These
include: liquid fuel injection, penetration, atomization and/or distribution, vaporization

and mixing with air; heat, mass and momentum transfer between the liquid fuel and

surrounding air; localized, heterogeneous heat release by chemical pre-flame reactions;
etc. It is common to visualize ignition delay as a physical plus chemical delay; however,

_virtually all analytical models simulate ignition delay as an integrated or single process.

From preliminary model investigation (49, 50, 51], it was recognized that an
explicit ignition delay model would be required in order to simulate, over the full op-
erating range of the engine, the early {or rapid) combustion phase common to diesel
engines.  This was particularly important since experimental data [45, 46, 17, 48!
revealed abnorma! combustion with the off-specification fuels, resulting in a *;rery high

pressure rise rate during this period.
- _
From a broad survey of the literature [14-21], a number of ignition delay models

were identified and evaluated {Appendix ‘A’) .t"None of the models tested gave satisfac-
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tory resﬁilts when compared with the 6V53T expérimental ignition delay measurements
and further, none of the models incorporated bqth a load amd fuel pro:ﬁerty dependency
. which was of particular importance to the research objective. Thus, an ignition delay
‘mddel was mathematically developed that reflects both engine operating conditions, i.e.

fuel/air ratio, cylinder temperature and pressure, as well as fuel cetane number.

3.2 MODEL DEVELOPMENT

' Several definitions are considered valuable before proceeding with the model -
developmeit, namely:
a) Ignition Delay is defined as the timé -period from the start of fuel injection to the
onset of combustion. For the physical measurements, onset of combustion is taken

to be synonymous with a sustained and measurable tempe_ra.ture/ pressure rise in the

cylinder due to combustion or chemical heat release,

b) Order of Reaction is the. number of atoms or molecules whose concentrations
determine the rate of the reactions. * In a hydrocarbon combustion, fhé order lwith
respect to each reagent must be found experimentally and can not be predicted ot~
deduced from the equation for the reaction. Some experimental values of the order

of reaction, taken from Kanury [43] are given in Table 3-1.

¢) Activation Energy is the energy needed to raise the system from initial reactants
to the activated complex. In other words, in order to undergo a chemical reaction,
molecules need not only collide with one another but must do so with sufficient energy
so as to break the weakest of the bonds.  The activated complex is the transient
state of the reactants which can spontaneously decompose into prod{xcts at a,. constant
rate.  The activation energy is the energy of hformation of the activated complex

state. Some values of a;tivation éhergy are also given in Table 3-1. PN
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TABLE 3-1

ORDER OF REACTION AND ACTIVATION ENERGY

ORDER
OF ACTIVATION ENERGY
FUEL FORMULA | OXIDANT | REACTION (Keal/lb-mole)
PROPANE | C,Hg Air 1.60 31.0
METHANE cu? CAir 1.60 29.0
HEXANE (n) Ceyy ALr - 50.7
DECANE (n) C12H26 Alr 1.62 51.0
OCTANE (iso) CgHy g Air 1.52 32.4
IOCTANE (n) C8H18 Alr 1.80 40.0 '
OCTANE (n) CgHy g o, 1.80 40.0
BENZENE CeHe Air - 47.2
HYDROGEN H, Air 2.17 57.0
CARBON MONOXIDE | co - - 78.0
{

Conceptually, the ignitior delay model assumes a near stoichiometric mixing

*

-~

zone, between the fuel-lean mixture in the cylinder and the fuel-rich injection stream.
For the development, either a plume or a ?eterogeneous family of such zones can be
postulated. While pressure is taken to be.,::onstant throughout the combustion spacve,
temperature differences exist between the three zones. Pre-ignition reactions take place

in the mixing zone at regions near stoichiometric conditions. These pre-flame reactions
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raise the local temperatures, 7. When the local temperatures reach a critical value,
T.r, a sustained reaction or flame will result, giving rise to the rapid combustion of the
neighboring mixed.ga.s'ses in the cy.finder. Further, the model also postulates that the
activation energy is a function of fuel cetane number, CN, and in this development, a
linear relationship is used. - This assumption is supp;:rted by the work of Henein 18]

and Hardenberg [20] who present correlations as follows, respectively:

E = 15500 — 230(CN —15),  (BTU/Ib — mole), and 3-1)
E = 618840/(CN +25), . (J/mole). | (3-2)

Thus, the heat released by the preflame reactions is used %o increase the internal energy
of the local mixture. If p is the density, ¢ is the specific heat of the mixture and AH
is the enthalpy of reaction, then:

ATy
At

pe =AH W, | (3-3)

where the pre-flame reaction rate W is ‘given by the Arrhenius law of reaction [43]:
W =K, Cp. e %r, (3-4)

Here K, is the specific reaction rate éonstant, Cp is the concentration of fuel and

superscript n' is the overall order of reaction.
Equation (3-3) then becomes:

pc AT, = AH -K,-CY . e 77 AL, 3-5
F

Now based on the modeling concept, ignition delay is taken as the time required
to vaporize and raise the local temperature of the fuel-air mixture, T;, from the initial
gas temperature at the start of injection, T, to the critical temperature Tt,. Thus,
AT = T,y ~ T when At = t;, the ignition delay.  Substituting into Equation (3-5)
yields:
‘ _pc(Tcr—T)-e%

AH K, C';-*.'

L (3—6)



~ Now t; can be readily expressed in crank angle degrees by introducing the engine speed

N. Thus, the ignition delay takes the form:

peN (T —T) . eRF
AH K, C¥

Delay = (°CA) : (3-7)

Ignition delay can be presented in a more workable form by applying the fol-

lowing relations:

P .
p=Zr and : | (3 - %)
s CF = (Xr 5", (59
RT
where X is the mole fraction of fuel. Thus:
Mp/W
Xp=—0F £/Wr (3-10)
nptnyg  Mp/Wp+ Mg/ Wy
where:
ng, ng — numbers of moles of fuel and air réspectively,
Mp, My — masses of fuel and air respectively,

Wp, Wy — molecular weights of fuel and air respectively,

Now, in diesel engines:
Mp < My since Mp/M4=F/A ratio « 1, and
Wr> W, since Wr =170.33 for diesel fuel
Wy = 28.96 for air.

Thus, Mp/Wp << Ma[/W4. _
Therefore, Equation {3-10) can be simplified by dropping My /Wp'from the denomina-

tor.
/Wr
o~ = - (Wa/W
Xr MW 4 FA-(Wa/WF)
where F A is fuel/air ratio, or N
28.96 .. -
~ . , 3-11
X}\170.33 (FA) (3-11)
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Now Equation (3-9) takes the form: .
,, 28.96 P.. '
LS . "o (=)" 3-12
E e () (FA™ () (3-12)
where n - order of reaction for air, and
m  — order of reaction for fuel.

Finally, the activation energy is taken as alinear function of cetane number,
viz:

E=a(CN)+b (3-13)

Substituting these relations back into Eq. (3-7) and collecting terms, ignition delay

takes the final form of:

Delay:C-N-(

Ter = T) . T2 a(CN) +b o
: kS B 3-14
(FA)™ . P | RT [ oy (8-14)
. gn-1 .
where C = N -CK,, D = = constant.

170.33

~ thermodynamic model. For the 6V53T engine, temperatures at the start of injection

are in the range of 875-1075 (°K) while pressures are about 32-48 (atm).

3.3 MODEL CONSTANTS

Fl

In order to determine the constants in the model, Equation (3-14), a non-linear
multi-variable optimization program was developed. It uses the conjugate direction
technique [44] to minimize the average error between the model prediction and the
experimental data which is considered correct. Table 3-2 lists the data used to evaluate
the model constants and includes measured delays for each fuel type at specified engine

load/speed setting together with nominal values for the parameters P,T and FA.



- TABLE 3-2
DATA FOR DETERMINING COEFFICIENTS OF IGNITION DELAY MODEL
¥
. Nominal Values Measured Ignition Delay (°CA)
TORQUE N T P FA FUEL 1{ FUEL 3| FUEL 4
(Fe-1bs) (RPM) (°K) (atm) (Kg/Kg) CN=46.7| CN=36.9 | CN=35.9
g |38 1500 - 876 32.1 0.057 7.7 9.0 | 9.0
2 Z (578 2200 968 38.8 0.046 8.0 9.1 8.8
=499 2800 1069 47.4 0.038 7.7 8.3 8.0
e g | 250 1500 933 33.1 0.028 8.7 10.2 10.3
% =250 2200 1004 37.8 0.027 9.3 11.1 11.0
==1250 2800 1076 . 44 .6 0.026 8.2 9.6 9.2

As stated earlier in Chapter 2, data from a two-stroke turbocharged dicsel
engine (GM6V53T) is used together with three fuels: a high quality reference diesel
fuel (Fuel 1: CN=46.7) and two off-specification fuels (Fuel 3: CN=36.9 and Fuel
4: CN=35.9). A description of the experimental program and complete specifications
of both ﬁhe engine and fuels are given in references [45-46).

For the evaluation, a

completely unconstrained optimization procedure was used which yielded the following

values:
a = -1195 LT, = 14547
b = 21022 m = 0495
C = 223x1078 n = 1736

Using these constants, the average error between the experiment and model
predicted values is only 0.21 °C A4, which corresponds exactly with the accuracy of the
experimental measurements. Thus, for the 6V53T diesel engine, ignition delay is written

as:

Delay = 2.23 x 1078

(°CA).
(3~15)

(1454.7 — T)T0-736 (21022 — 119.5(CN)
(FA)0-495poT3e [ RT '
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where N  — engine speed (RPM)
T  — cylinder temperature at injection start (°K)
P — cylinder pressure at injection start (atm, abs.)

FA  — fuel/air ratio (kg/kg)
CN — cetane number of fuel

R — gas constant (8.314 kj/kg-mole °K )

To what extent mode! constants will vary with engine type is an area of current

interest.

34 MODEL EVALUATION

The\ignition delay model developed is a function of engine thermédyna.mic state
(cylinder pressure and temperature at start of injection, P and T'), engine operating
point (speed and load, N and F 4) and fuel quality (cétaﬁe number). This range of pa-
rameters makes the model very attractive for thermodynamic simulation and parametric
analyses of engine-fuel behavior. In assessing the model, it is particularly interesting to
reflect on the model constants determined by: the unconstrained numerical optimization

technique.

(a). The critical temperature T., was defined as the local temperature in the
mixing zone at which /ignition oceurs. Optimization placea T., at a value of 1454.7
(°K).  This value is in the lower range of flame temperatures for_ most ilydrocarbon
fuels (1400 — 2500 °K). T, is not to be confused with cylinder thermodynafnic state,
flame temperature or auto-ignition :emperfture, but rather, as postulated, is the local
temperature in the near-stoichiometric n:uxmg zone (raised through pre-flame reactions)
at which the local radicals have enough energy to sustain combustion. Physically TC,&

appears to be well placed.

(b).  The orders of reaction; ‘m’ for fuel and ‘n’ for air, as stated, are ex-

—

~
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perimentally determined parameters. Numerical optimization,placéd these values at:
m = 0.495 and n = 1.736. Based on the work of Westbrook and Dryer [54], the order
of reaction for octine is 0.25 and for oxygen is 1.5. Thus, ‘m’ and ‘n’ are physically

well placed.

(c). Activation energy ‘E’, Equation (3-13), assumed to be linear with fuel
- . -

cetane number, is given by the optimization program as:

E = 21022 - 119.5(CN),  KJ/Kg — mole. (3-16)

Activation energy vs. cetane number, Equation (3-16), is plotted ix-l'Fig. 3.1 together
with that from Henein’s [18] and Hardenberg’s [20] models.  Again,it would appear
that the numerically determined values (e and b in Eq.(3-16)) are well placed, giving
*E’ the correct order of m%nitude and characteristics.
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Fig. 3.1: Correlation of Cetane Number with Activation Energy
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(d). No direct comparisons can be made with the remaining two constants
in the equation, namely: the fuel/air ratio index ‘m’ determined as 0.495, and the
collection of other constants ‘C’ determined as 2.23 x 1078, However, it is speculated
that these values may be engine dependent, eg: pisfon geometry or turbulence; two

stroke vs. four stroke; naturally aspirated vs. turbocharged, etc.

A general evaluation of ignition delay and comparison with experimental data
requires operation of the complete thermodynamic/combustion model in order to ac-
count for the integrated effect of the parameters (pressure, temperature, F/A ratio and

fuel cetane number). Such a comparison is conducted in Chapter 7, however it is of

-value at this time to investigaté the individual parameter effects on ignition delay. For

this study, ignition delay is presented in milliseconds so as to elirﬁi?ate engine speed
dependency and nominal values of P=40 atm, T=1000 °K, FA=0.04 and CN=40.0 were
chosen. Further, the parametric range used in the plots are typical of those encoun-
tered with the 6V53T engine. . Figure 3.2 gives the variation o'f ignition delay with
each of the individual parameters. Further insight can be gained from a parameter
sensitivity study as presented in Table 3-3. Here the nominal values of the parame-
ters are vafied by +£10% and the corr_esp(')nding percent of variation in ignition delay is
calculated. It is interesting to note the nearly linear correlation between fuel cetane
number and ign'ition delay predicted by the model. Also the variation of ignition
delay with cetane number is less pronounced than anticipated.: Indeed, the effects of
fuel/air ratio and pressure on ignition delay are simildr to that of cetane number while

temperature at the start of injection is the dominant parameter.



. ' TABLE 3-3

IGNITION DELAY - DARAMETER SENSITIVITY ANALYSIS
‘ (Nominal Values: P=40 atm, T=1000°K, F/A=0.04, CN=40)
T PREDICTED
IGNITION DELAY
PARAMETER TEST CONDITION VALUE (ms) DEVIATION
Pressure Nominal 40 0.6264 C -
at +10% 44 . 0.5840 -6.8%
Injaction -10% .- 36 0.6769 +8.1%
(atm)
Temperatura Nominal 1000 0.6264 -
. at +107Z 1100 0.4389 -29.9%
Injection =104 ] 900 0.8786 +40.3%
(K} :
F/A Hominal 0.04 0.6264 -
Ratio +10%  0.044 0.5976 -4.6%
N -107% 0.036 0.6600 +5.4%
Catane Nominal 40 0.6264 -
Number +10X [-¥4 0.5914 i =5.6%
-10% 16 0.6635 +5.9%

3.5 CLOSURE
The salient features of the analysis can be summarized as follows: -

(a). An analytical ignition delay model which incorporates engine thermody-
namic state (P,T at start of injection)i engine operating conditions (speed and load or

F/ A ratio) and fuel quality (cetane number) has been developed.

(b). The generalized model Equation {3-14) may be used for any diesel engine
and diesel fuel. However experimental data on ignition delay may be required so as
to establish/adjust the model constants. In this regard, it is projected that the index

‘m' and general constant ‘C’ may show variability with engine type.

(¢). Model constants were evaluated for the 6V53T engine (two stroke, tur-
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bocharged diesel) using an unconstrained, non-linear, multivariable numerical optimiza-,
tion technique with-experimental data from three fue] types, three engine speeds and

?o load settings:— The constants so determined were shown to be physically realistic

\

(d). Based on the model, ignition delay was seen to have a near linear variation

values.

with fuel cetane number. However the sensitivity of ignition de'Iay to cetane number

is similar to that of F/A ratio and pressure with temperature being the dominant

parameter.



~ CHAPTER 4

¢ . FUEL-AIR MIXING RATE AND REACTION RATE MODELS

4.1 INTRODUCTION

For preliminary thermodynamic mode] development, the Whitehouse-Way model

(5] was selécted as a starting point due to its relative simplicity and widely accepted use

in the literature. it can be summarized as follows:

Preparation Rate:

Reaction Rate: .
K'. Py
RR = 2 . - ] PR~ RR) da, 4-2
Where: .
K, K', z, m — constants,
M;, and M, — mass of injected and unprepared fuel respectively,
-T — gas temperature, ‘
N — engine speed,
E - ~ — activation energy of the fuel,
a ’ — crank angle degree,
" Po, - ~— partial pressure of oxygen.

~ Evaluation of equations (4-1) and (4-2) by direct correlation with experimental
-data taken from two two-stroke engines {Foden FD6 and Rolls-Royce K60) reports the

constants in the equations to be [5]:

.



K = 0.0175
x = 1
m = 04 e : (4-3)
K' = 12x101
E/R= 15x10

The above model was analytically investigated, for the 6V53T engine running
on both Fuel 1 and No. 2-D, at a wide range of engine operating points. The general

" conclusions were as follows [49, 50, 51]:

a) Using the literature recommended values for the preparation and reaction rate
constants (Eq. 4-3), no acceptable correlation between the predicted P-CA curve

and the experimentally derived data, for either Fuel 1 or No. 2-D, could be found.

b) By manipulating the constants of Equation (4-3), high precision matching of the
P-CA curves could be achieved. However, the point-to-point variation of these
‘constants’ eliminated any possible predictive capability of the model. That is,

it could be made to simulate a known (experimental) solution, but not to predict.

Further evaluation of the model revéaled two concerns.  Firstly, in order to
arrive at Equation {4-1), it is necessary for the number of dropl-ets of injected fuel to
be identical to the number of droplets of unprepared fuel for all time from the start of
injection to the end of combustion. This does not allow for fuel to be progressively con-
sumed or conversely requires all the fuel to be insfantaneously injected at the beginning
of tl}& co;nbustion process. Secoﬁdly, the preparation rate was not correlated with time
or engine operating speed.’ Althougﬁ it is agreed that once combustion is established,
progression of combustion apparently correlates with C A, not time, concern still exists
for CI engines since: {a) fuel injection rates are variable with engine speed for a fixed
rack setting and this fuel mass is critical in the preparation rate equation; and (b)
the sensitivity of both the correlation and calculations of indicated engine-parameters

requires very high precision.



Based on the above analysis and observations, a fuel-air mixing rate model was
-developed and the reaction rate model l(4—2.) was modified: The developed models
are both functions of : {a) engine operating conditions (speedﬁ and ldad), (b) eylinder
thermodynamic state (P and T), and (c) available fuel in the cylinder. These features
make the simulation program more realistic and enable simulation of the,'éngine, over

' its complete operating range, with considerable accuracy.

4.2 FUEL-AIR MIXING RATE MbDEL

4.2.1 MODEL DEVELOPMENT"

Fuel-air mixing relates to the physical pr_océ'sse,s involved from the start of liquiﬁ
fuel injection to the time when a combustible fuel-air vapor mixture exists.  Such
" processes can be expected to be'a. function of (1) time, (2) fuel vaporization and heating,

(3) oxygen availability and entrainment, and (4) species transport.
Thus, the following are proposed:

1) Time (t) is inversely proportional to engine speed.

Thus: t < 1/N. b

2) Fuel vaporization and heating (fv) is taken directly proportional to the instanta-
neous environment temperature (T') and the mass of fuel unprepared (My,) plus
a function of droplet size and pe'netra.ti'(.)n. The latter two term's are related to
injector geometry and injectidn lpressure. These in turn, can be related to a
geometric constant plus a function of engine speed.

Th}ls: fv «Cy f(N) T My,

3) Oxygen availability (O,) is assumed proﬁorfsiona.l to the instantaneous oxygen

density (Pp,/T). It is also clear that not all oxygen becomes available for
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combustion as it is limited due to the transport processes.  Hence,Pp, must
incorporate an engine speed dependency.

Thus: O, « Gy PRMT.

4) Species transport (S:) is again related to jet penetration and distribution plus
cylinder turbulence. Thus, it is logical to assume a direct relationship with

engine speed and an inverse }ela.tionship with engine load, or fuel-air equivalence

ratio.

Thus: St ng(N)/qSK(N)?"

’ A
Combining terms, the fuel-air mixing rate {M R) takes the form:

MR « CyCaCs M KW g, PR,

or:  MR=C(N) ¢~ KM .y pp™Mo T (4-4)

4.2.2 EVALUATION OF MODEL FUNCTIONS

A series of numerical experimex;ts were performed,'z;,t both full and part loads
for each of five engine speeds, so as to evaluate the functional relationships in Equation
(4-4). For ease of exe.cution, Equation (4-4) can, at any discrete test point ‘i’, be
represented by: |

MR; = F;- My, - P3N

$

where: F;=C(N)- p HW)

Thus, it is a direct matter to"vary the numerical values of F; and m;(N) so as
to obtain the best numerical fit with the experimental data at each test point.  Table

- 4-1 lists the results of the experiments conducted.



TABLE 4-1

VALUE OF MIXING RATE FUNCTIONS
FROM EXPERIMENTAL/ANALYTICAL COMPARISON:

. F, - con .o QUIVALANCE
ENGINE i
SPEED FULL PART
(RPM) m{ (N) FULL LOAD | PART LOAD LOAD | LOAD
1500 1.91 0.00031 0.00051 0.824 | 0.401
1800 1.64 0.00059 0.00092 0.743 | 0.389
2200 1.33 0.00133 0.00196 0.662 | 0.386
2500 1.08 - 0.00239 0.00325 0.602 | 0.380
2800 0.84 0.00401 0.00520 0.549 | 0.379

Now, knowing the value of the function F; = C(N) - q&‘._K(N) the fuel/air equiv-
alence value ¢; from the thermodynamic program at two operating points (as given in

Table 4-1), the value of K(N) and C(N) can be solved directly for any given RPM,

Yiz:
F=Cc(N)/6¥™  and B = o) /ekW) (4-5)
rearranging:
_ In(F1/F2) ' .
}((ﬁf)-_ln(¢2/¢1) 9

Using Equation (4-6) and the values of F; from Table 4-1 together with the
valués of ¢;, the values of K (N} can be solved directly as:
RPM l 1500 1800' 2200 2500 2800
K(N) | o691 0687 0719 0668  0.701

From the data, it is clear that K (V) is not a function of RPM, but rather a



constant, as cguld have been implicated in the development, with an average value of

0.69. ' , p

Using K (N) = 0.69, the value of C(N) vs. RPM can be calculated from Equa-
tion (4-5) as: |
| RPM | 1500 1800 2200 2500 2800
C(N) I 0.00027 0.00048 0.00100 0.00168 0.00265

From the numerical experiments, it is interesting to note that engine indicated
power was dominantly controlled by the functional parameter C(N) while m(V) affected
maximum cylinder pressure.  Using a least squares curve fit, m(V) was found to be
best represented by a linear function and C(N) by a cubic polynomial.  Thus, the

fuel-air mixing rate model takes the general form:

MR =C(N)-¢~% .M, PZN) | (kg/deg), (4-7)
where:
@ — fuel/air equivalence ratio, e
M, — mass of unburned fuel in the cylinder (Kg),
Po, — partial pressure of oxygen (ba::),
N — engine speed (RPM),
K — model constant,

C{N}, m(NJ- model functions.

For the 6V53T engine, the model parameters were found by direct comparison
with experimental data as:
K =069,
m(N)=3.12 — 0.000815 N, |
C(N)= —0.00197 + 0.361 x 1075 N - 0.223 x 10~% N? +0.546 x 1071 N3,

Values of the model function C(V) and m(N) versus engine speed are calculated

and plotted in Fig. 4.1.
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Fig. 4.1: Values of the Mixing Rate Model

Function vs. Engine Speed

4.3 REACTION RATE MODEL

tion/combustion will depend on the cylinder thermodyn e (P and T) and the
concentration of the premixed fuel. Arrhenius [43] postulated that reaction rate takes

the form:

T -% =Kn-C% =A-ewr.CT, (4-8)

Where ‘A’ is called the frequency factor and ‘E’ is the activation energy. Of the many

molecules present in a reacting system, Arrhenius assumed that there exist some special
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molecules which have the ability to take part in a chemical reaction, by virt';ue of their
energy. The energy of these special m;)lecules is the\activation energy,'E’, and the
term e(~E/RT) indicates the fractioxt;folecules that are special (i.e., energetic) and
capable of participating in the react? The factor ‘A’ is a large number indicating

the number of collisions between molecules in the reacting system.

Based on the Arrhenius law of reaction rate, Whitehouse and Way [5] proposed
a chemical reaction rate for engine combustion of the following form:
Rate ~  (velocity of gas moleculés) (oxygen density)(mass

of unburned fuel) e(~E/ET), .

) £
Assuming that: (i) velocity of gas molecules is proportional to the square root
of the temperature, (ii) the density of oxygen is préportional to the partial pressure
divided by the tempefature ‘and (iif) the unburned fuel is given by [{PR — RR) da
where PR is the preparation rate and RR is the reaction rate per degree crank angle,

then the above expression can be written in the form:

K' Pp E ) .
_ 3. oxn (— 2 Y. _ , 4-9
RR = 12 e (- 7) f(PR RR) da (4-9)

From numerical experime‘nts conducted with the simulation program, it was
found that early combustion in the diesel engine (i.e., the 3-4 crank angle degrees im-
mediately following ignition delay) is controlled by the reaction rate of the reacting
system, that is, the fuel-air mixture in the cylinder..-_Although it was also found that
this early combustion period does not significantly a&bapaximtim cylinder pressures
or engine indicated performance, as these are primarily controlled by the fuel-air mixing
rate, reaction rate doés control maximum cylinder pressure rates which occur within
1-2 crank angle degrees following onset of combustion. Thus, the reaction rate mode!
was found to be very important to the simulation in that, for the qﬁ'—speciﬁcation fuels,

maximum cylinder pressure rates were a major concern [46,47,48].

Recognizing that K'(Eq. 4-9) correlates with ‘A’ (Eq. 4-8)}, that is, the number

.

¥
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of collisions between molecules in the reacting system, one can expect K' to be a function
of engine load (or equivalence ratio ¢) and-<ngfne speed (N). Thus, K’ can be expected

to be of the form:

K' = f(N) - ¢". (4-10)

Thus, the model parameters can be evaluated by using the same solution procedure
outlined for the mixing-rate model {section 4.2.2).  Table 4-2 lists the values of X'
found to give a best match with experimental data for two load settings at each of five

operating speeds.

TABLE 4-2

K' VALUE VS _ENGINE SPEED

-
X,

-~ K£=E(N)¢§ " EQUIVALANCE RATIO
ENGINE
12 b,
SPEED (x1012) i
(RPM) FULL .LOAD | PART LOAD . FULL LOAD | PART LOAD
1500 " 0.860 0.265 0.824 0.401
1890 0.305 0.127 0.743 0.389
2200 0.118 0.057 0.662 0.386
2500 0.079 0.037 0.602 0.380
2800 0.060 0.030 0.549 0.379

1t follows from Equation (4-10) that ‘a’ can be resolved for each engine speed

‘ a=ln{%}/ln{%}. (4-11)

Thus, from Table 4-2:
C  _RPM | 1500 1800 2200 2500 2800
a | 163 135 1.34 1.65 1.8
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Now, using a nominal value of @ = 1.47, the valﬁgs of f(N) can be calculated

from Equation (4-10) as listed in Table 4-3!

TABLE 4-3

CALCULATED .f(N) VALUE

Eg;;;f E(N) VALUE (x1013)
(RPM) FULL LOAD PART LOAD AVERAGE
, 1500 - 0.1144 0.1020 0.1082
1800 0.0473 0.0511 0.0492
2200 0.0217 0.0233 0.0225
2500 0.0167 0.0154 0.0161
2800 0.0145 0.0125 . 0.0135

. i

Also the average value of f{I¥) can be best represented by a power function, viz:
f(N) =C-N7%, © o (4-12)

where: C = 4.66 x 10%2
b=3.37

Thus, the reacfjon rate model can be written in a general form as:

" FE . / (MR — RR) do, (4-13)
where:
RR — reaction rate (Kg/deg),
MR — mixing rate (Kg/deg),
@ — fuel/air equivalance ratio, -
Po ‘

2 —0p t@aL ressure of oxygen (Ba::),
T — gMerature (K},
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N — engine speed (RPM),
E — activation energy of fuel (Kj/Kg — mole), .
R — gas constant (8.314 Kj/Kg — mole °K),

— crank angle degree,

R

a, b, C ~— model constants.

For the 8V53T engine, the model constants were found by direct comparison

with experimental data as:

a=147 _ ;
b=3.37

. -
C = 4.66 x 10%2

4.4 CLOSURE

The fuel-air mixing rate model and reaction rate model represented by Equa-
tions (4-7) and (4-13) were used in the general thermodynamic and combustion sim-
ulation program.  Iftorporated with all other submodels, engine performance was
predicted for a wide range of operating points and compared with experimental data as

listed in Tables 4—4 and 4-5.

¥ ’
From the Tables, it can be observed that: a) model predictions of IHP, max-

imum pressure, pressure rate and their locﬁtions all show excellent trends over the
complete engine speed range and two load settings; b) numerically, the prediction er-
rors for indicated horsepower, maximum cylinder pressure and pressure rate are within
1% and c) the locations of maximum cylinder pressure and pressure rate are within one

crank angle degree.

Y
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CHAPTER. &

COMBUSTION MODEL

5.1 INTRODUCTION

This chapter describes the calculation procedure used to determine the ther-
modynamic state (pressure and temperature) as well as the concentration of species

(reactants and products of combustion) which occur in a cylinder throughout the com-

bustion period (see Fig. 1.2). The basic assumptions used in the combustion model
: ‘

- p——

are as follows.
1) Temperature and pressure are uniform throughout the cylinder.

2) Chemical reactions have reached equilibrium at the end of each' calculation step.
A step size of 1°C' A is used throughout the cycle except during the ignition de-
lay/rapid combustion/peak cylinder pressure region (30° bTDC t0.10° aTDC)

) where ;. 0.1°C A step is used in order to more accurately trace the éhermodynamic

state and species concentrations during this rapidly changing period.

3) The products pf combustion of a hydrocarbon-air fuel mixture can be represented
by:
a) major products — CO; and H20 (plus excess air, Oz and Ny);-
b) minor products - CO, H,, CHy, OH, O, H, and NO.

- At the beginning of each step, the cylinder temperature and pressure (77, Pi)
are known together with the reaction products accurulated from previous steps. Dur-
ing this step, fuel may be injected at temperature T as determined by the fuel injection
model and additional fuel may be prepared for combustion as given by the fuel-air mix-

ing rate model, however, the amount of fuel that reacts during the step is controlled by
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~ either the reaction rate model (Eq. 4-12) or by the fuel-air mixing rate model itself (Eq.
4-7), depending on the combustion regime (see Fig. 1.2). Thus, the reactants for each
step consist of the products from the previous step plus the fuei to be consumed, which
can be expressed as the number of moles of each of the three species: CgHyg, CoHg "~
and _C;gHm in accord with the proportions determu&ed .b, the fuel simulation modqel
(Section 2.3.2). ~ At the ead of each step, a new chemical equilibrium state is reached

which tvill correlate with a new thermodynamic state, T3 a.nd Py .-

Now, if ‘A;" is defined as the number of moles of reacta.nt.s and ‘B;’ as the

r.umber of molee oi products, then the overall r.hemlcal reaction formula can be written

. as: /
A He,  £2Cmy Hny + AsCrmy Huy + A(Og + AsNy + A6CO; + Az H20

+A3CO + AgH, +.{1100H4 + Ay OH + A120 + A1 H + AyNO

= B4O2 + BsNz + BsCOz + By HiO + BsCO + Bo Ha

o In Equation (S-i), any hydrocarbon fuel or combination of fuels could be used

$B1oCHy + BiyOH + B1y0 + BygH + ByNO - o (s-1)

in the model development. In this analysis, Lhéu /sc.npts my, my, my indicate
N~

Lhe number of carbon atonis and nl, ng, n3 md1cate 'the number of hydrogen atoms
mCus, CBHG/"?l Cang respectwely To solve, the eleven (11) unknowns in
Equation (5—1) must be deterrmned na.mely the. number of moles of each product (Bs
to BH) together wnth the thermodynam:c state Tg, P;. In the following sections,
‘twelve equations are developed na.mely, four consesvation equations for atomic species;
the energy equatlon from the first law: of thermodynanmS for a closed system and seven

equ:hbnum equations for the chemical reactions. These, together with the equatxon

of _state, allow a general solutich for each calculation step.



- C, H, Oand N. From Equation (5-1), the mass conservation of these species can be

5.2 MASS AND ENERGY CONSERVATION

5.2.1 CONSERVATION EQUATIONS FOR ATOMIC SPECIES

In the case of hydrocarbon fuels which burn in air, there are four atomic species:

written as: (1) balance of carbon, C:

Bg + Bg + Big = myA; + myAs + maAz + Ag + Ag + Ay§ (5-2)

(2) balance of hytrogen, H:
2B7 + 2Bg + 4By + B11 + Bia N )
= n1A1'+'nngg'-'+ nagAz + 247+ 24‘19 +4A470 + A + Al ‘ (5—3)

(3) '_Dalance'.of‘oxygen,r 0: .
. 2B4+2Bs+ Br+ Be+ By, + Bia+ Buy
.=2A4+2A6+A7+A3 + Aq +A1_2 + AH. . . (5—'1)

-

(4) balance of hiti‘ogen, N: o
235 + By = 2As + Ay : (5-5)

.
5.2.2 ENERGY EQUATION

By definition, the internal energy of a gas mixture may be expressed as: -
U=H-PV=H-NRT (5-6)

where the ideal gas equation of state: PV = NRT is used. Thus, the first law

- [ ) .
of thermodynamics for a closed system, undergoing combustion in a cylinder, can be

- expressed as:

(H, —-‘R!V.sz)_.— (Hy— RN Th) = Qtrans.— Qvap -w; (3-7)

r



where: H - Total enthalpy of reactants (lefthand side of Eq 5-1) at T3,
| H, —  Total enthalpy of products (rihgthand side of Eq 5-1) at Ty,
Ny, N2 - — Total numbers of moles .z;.t the start and end,
T, T3 —_ Témperatures at start and end respectively,
Qtrans —  Heat added to the mixture by heat transfer

through the boundary,
'an —  Heat reqiered to vaporize the fuel that reacts
: F
during the step and raise the temperature from Tr to 11,

Wi = Wdrk'dolle'by the system.

The enthalpies H; and H; used in Equation (5-7) are the total enthalpies which
include the enthalpy of formation and relative enthalpies for each chemical species.
Thﬁs, Equation (5-7) is a general energy equation applicable to either reacting or non-

reacting mixtures.

n,
o

5.3 EQUILIBRIUM EQUATIONS OF CHEMICAL REACTIONS

5.3.1 EQUILIBRIUM CONSTANTS

When a mixture of reactants (hydroca.r.bon fuel, air and acc_umulq.ted prod?
ucts) are allowed to react in an engine cylinder, a state of c_hemical equilibrium will .e
reached. The composition or concentration of species, at equilibrium, dependsipon
the temperature and pressure of the mixture. ~Chemical equilibrium is ‘dypamic’ T~ |
nature rather than ‘static’; that is, at equilibrium the forward and‘backwa.rd’ ;ea&tion
rates are equal. If ‘k;’ and ‘ky’ are the forward and backward specific reaction rate con-
stants respectiveljr, then in general, a chemical reaction at .equilibrium can be written

0.

as:



kg :
aA+bB I-* ¢cC+dD ' (5-8)
‘b .
Now, the law of mass action States that the rate at which a reaction takes place is
proportional to the product of the reactant concentrations, the constant of proportion-
ality being the specific reaction rate. . Thus, if * 5 represents the concentration of

component ‘;’, then for Equation (5-8), the law of mass action gives:

kCSCh = ky CECS,  or
k. CsCY
B reb ke peeloot ()
- b A VB ST .
"where ‘k.’ is called the equilibrium constant, the subscript ‘¢’ indicates that its-definition

is based upon component concentrations. Now, component concentrations * ;' can be

written in terms of partial pressures ‘P;’, viz: ‘
c.=Ni_ B '
! v RT
Therefore,

(@) @@ @)

B Eéﬁ { 1 }(c+4)—(a+b)

~ P¢ Py \RT .
- 1 3 (etd)=(a+b) .
= —_ 5-10
. Ky {RT} \i )
where ‘ky,’ is the equilibrium constant based on partial pressures, .‘N.ow, the term

(¢ +d) — (a + b} is the change in the number of moles (ANg) due to the reaction and
by definition of partial pressures, P; = (N;j/Nm)P where ‘N’ is the total number of

moles in the mixture and ‘P’ is the total pressure.  Thus, ‘kp’ can be expressed as:

N& NE / P \ANa ;s
' ./ ey = —C D (———) . . 5-11
o .
It could be noted that values of ‘k,’, as a function of temperature, are tabulated in the

literature.

\ ’ 4
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5.3.2 EQUILIBRIUM EQUATIONS

Based on the assumption (Sect. 5.1) that diesel engine combustion results in

the following species: CO3, H30, CO, Hy, CHy, OH, O, H, and NO; seven equilibrium

reactions can be written:

CO; +
co +

305 +

COs = CO +
H, = CO +
3H, = CH,; +
H, 0= 1H, +
10, = ©

Hy = H
yN2 = NO

O
H,0
0,0
OH

B

(5-12)

* For each of the chemical reactions (Eq. 5-12), the equilibrium constant (k,, Eq.

5-11) can now be written.

Referring to the overall chemical reaction formula (Eq.

5-1), the seven equilibrium equations at the end of the calculation step (i.e. at Tz and

P,) take the form:-

~ (1)

where:
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5.4 EVALUATION OF CYLINDER EQUILIBRIUM STATE

The established equations can now be used to determine thg cylinder equilib-
- . IS
rium state at each step in the calculation, namely: the speci¢s concéntrations and ther-
modynamic state, T» and P;.__Figure 5.1 gives a flowchart of the evaluation procedure

while the following provides the details of each of the steps used.

STEP 1: Estimate T3, P

To begin the procedure, the thermodynamic state at the end of the calculation

step can be estimated using basic polytropic equations, viz: {
n—-1
=" (%) ‘
vi\" |
P,=P (V’:) , (5‘20)

STEP 2: Determine Equilibrium Constants

For each of the seven chemical reactions, the equilibrium constant (k,,, ¢ = 1
to 7) can be determined from Table 5-1. A computer subroutine is used to search and

interpolate the value of kp; at temperature T3 from the tabulated data.

~ STEP 3: Evaluate Species Concentrations

o~

The products of combustion are divided into two groups, namely: the major
producfzs CO;, H20, Oy and N3, and the minor products CO, Hs, C’H4,’,,OJ<, o, H
e
and NO.

1 By assuming that the concentrations of minor species do not éha.nge during
the step, a first estimate of major species concentrations can be determined from the
mass conservation Equations (5-2, 5-3, 54 and 5-5) as: | |

- Bg=myj A + m;Ag +m3A; + Ag -
By = L(nyA1 + np Ay +ngAs) + Ag
By = A4 —(i_(Be — As) — 3(B7 — A7)’ (5-21)
Bs = Ag
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EQUILIBRIUM CONSTANTS FOR SEVEN REACTIONS

T°) LoglOKp for Reactions
' 1 3 4

298.2 -4.50 | 27.02 ~15.04
400.0 -2.09 | 16.77 -11.07
500.0 -2.02 | 10.70 ~8.74
600.0 | -20.11 | ~1.43 6. 60 ~7..20
700.0 | -16.59 | -1.00 3.71 | -16.60 ~6.07
800.0 | -13.93 | -0.67 1.51 | -14.06 -5.22
900.0 | -11.86 | -0.41 | =0.20 | -12.07 | -11.06 | =-9.95 -4.58
1000.0 | -10.23 | -0.22 | -1.53 | -10.50 -9.67 | -8.65 ~4.06
1100.0 -8.89 { -0.07 | -~2.64 -9.22 -8.45 | -7.55 -3.62
1200.0 -7.79 0.06 | -3.59 -8.14 -7.46 | =6.66 ~3.29
1300.0 -6.81 0.17 | ™~4.37 -7.22 ~6.60 | -5.90 -2.99
1400.0 ~6.01 | 0.27 | -5.06 ~6.45 | -5.91 -5.25( ~2.71
1500.0 ~5.33 0.35 | =5.64 ~5.78 -5.29 | -4.69 -2.47
1600.0 -4.,73 0.42 | -6.15 -5.20 ~4.75 | -4.19 -2.27
1700.0 -4.19 0.48 | _-6.61 ~4.66 | ~N=4.25 | -=3.75 ~2.09
1800.0 -3.71 0.5 [\ -7.00 -4.21 -3.83 | =3.37 -1.94
1900.0 ~3.27 0.58__1 -7.37 -3.79 -3.44 -3.02 -1.82
2000.0 -2.88 0.64 | -7.69 =3.41 -3.10 | -2.74 -1.70
2100.0 -2.54 0.69 | -7.97 -3.07 -2.78 | -2.44 -1.58
2200.0 ~2.24 0.73 | -8.23- { -2.79 -2.53 | -2.20 Y -1.47
2300.0 ~1.96 0.76 | -8.47 ~2.52 -2.29 | -1.97 | -1.38
. 2400.0 -1.69 | +0.79 | -8.70. -2.27 -2.Q6 | -1.75%| -1.29
2500.0 -1.43 0.82 | -8.91 | -2.03 -1.8% | -1.55 -1.21
2600.0 ~1.21 0.85 | -9.10 | ,-1.81 -1.63 | -1.36 -1.14
2700.0 “1.00 0.87 | -9.27 -1.60 ~1.44 | -1.19 -1.07
2800.0 +0.81 0.89 |. -9.43 -1.41 -1.26 | -1.03 ~1.01
2900.0 -0.63 0.91 | ~9.57 -1.24 -1.09 | -0.89 -0.95
3000.0 -0.46 0.93 | -9.72 -1.07 -0.93 | -0.76 -0.90

The reactions and the corresponding numbers:

ST~ Y T S TC ST O

CO, ==CO + 4 0,
Co, + H, == CO + H,0
CO + 3H, &&= CHu+ H,0

H,0
.30,
) H,

10, +5N,

= iH, + OH
—0
~=H

NO




(i) Having an estimate of the major species and the values of the equilib-
rium constants at temperature T2, the minor species can now be calculated from the
equilibrium Eqﬁations (5-13) through (5-19) as: |

Bs = Bs -k, /(By* - 274)
Bg = Bg » Br/(Bs  kp,)
Byo=Bg-B§-2? ky, /By
By = Br-ky/(Be-2)} (5-22)
Byz = B} - ky, /73
By = B} 'k, /23
By =B} - B; -ky,
where: , Z = Py/Br

(iii}  Again, by applying the mass conservation equations together with the

calculated minor species (Eq. 5-22), an improved estimate of the major species can be

made, viz:
Bg =miA; + meAds + m3A;
+As + As + Ao — Bs — Bio -
By = L(n1Ar+ nadp + n3ds) + Az + Ag + 2410
_ "t —Bg—2Bio+ 2(A11 + 413 — By — Bia) (5-23)
% By = Ag+ Ag — Bg

+3(A7+ As + Ay + Az + Ay — By — Bg — By — Bz — Byy)
Bs = Ag + %(Au — Bi4)

(iv)  An iterative solution of Equations (5-22) and.(5-23) can now be entered

into until equilibrium of the major species is achieved thus giving the concentration of
g K —_—

all species {major a.;;xd minor) at the estimated thermodynamic state T3, P;.

-

STEP 4: Evaluate the Energy Equation

Having established chemical equilibrium at T, P, and krnowing the overall equi-

librium in the cylinder at the start (T1, B1), it is. now possible to calculate each term in
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the energy Equation (5-7).

(i) The total enthalpies H; and Ha in the energy Equation (5-7) can be
calculated based on the number of moles for each species and their corresponding equi-
librium temperatures T} and T;. Denoting the total enthalpy of any component ‘1" at

temperature ‘T’ by h;r, then:
hir = Ah},i + (hr — hass)i (5-24)

where Ahj’r is the enthalpy of formation at the sta.ndlard reference state (298°K{., 1 atm),
hr is the enthalpy at the specified temperature T, and hjeg is the enthalf)} at the
reference temperature of 298°K. The enthalpy of formation Ah} for each of the '
fourteen species in Equation (5-1) is listed in Table 5-2.  Further, the enthalpf change

(hr — hogs); for each species at temperature T can be determined by interpolating the

data in Table 5-3,

Thus, the total enthalpies at the beginning and end of each step can be written -

14
Hy =35 Ai-hir,,
14 * -
Hy =32y Bi-hir,. | (5-25)
TABLE 5-2 )
&ENTHALPY OF FORMATION
W 4hg in Cal/gmole
- i
FORMUL A Ahg FORMULA ihe i
|
3 1
Cghyg -49820 co : -26420 |
LA $19820 O, 0
oty -69520 CH. . -178%0 |
[
0, . 0 ' oH +10060
N, 0 a +59159
co, ~34050 o +52089
N //};o ~57800 NO #21600
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(i) In the ‘NRT" terms, N1 and N; are the total number of moles in the
cylinder at T} and T3 respectively, thus:
M=% 4, and

Ny=Y¥, B | (5-26)

(i)  Qtrans is the heat transferred through the boundary and calculated using

Woschni'’s model as detailed in Section 2.5,

(iv)  Qvap is the heat required to vaporize and raise the temperature of the
liquid fuel from injection temperature Tr to cylinder gas temperature T} for each calgu-
lation step, the mass of fuel *AM’ is that determined by the fuel-air mixing rate model. .
Thus: | '

Quap = AM[L + Cr(Ty — Tr)] (5-27)

where: L — Latent heat of vaporization,

Cr — Specific heat of fuel.

(v) The work done by the gases in the cylinder is directly evaluated from the

mean cylinder pressure as:

A (5-28)

STEP 5: Assess Energy Balance

The energy equé.t;ion will be saﬁisﬁed( only at thermodynamic equilibrium. Thus,

an energy balance, namely:
AU = [(H2 - RN?'TQ) - (Hl - RNlTl)] - [Qtrann - Qvnlb - Wk] (5—29)

will establish the overall sfa.;e of equilibrium. In practice, overall equi}ibrium was
assumed to have been reached when the final temperature T; did not vary by more

than half a degree Kelvin, viz:
AU

¥

‘up

ATy = <05 (°K). | (5-30) ‘.
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where Cyp is the average specific heat of total combustion products in the cylinder, and
if Cy is specific heat of product ‘s’ then '

=14

Cop = ) _ BiCyi,

=4 -
If equilibi'ium has not been achieved, then new estimates of T3 and ngcan be made,
namely:
T2,new = T2,old - 8,[: .

Papow = Pl(%f)(?szl)(vn)

(5-31)

and an iterative solution, going back to Step 2, can be executed until equilibrium is

achieved.



CHAPTER 6

BLOWDOWN AND SCAVENGING MODEL

6.1 INTRODUCTION

The period during which the combustion products in a cylinder are replaced
by a fresh charge is referred to as the gas exchange period.  This period, in ditwo-
stroke engine, consists of two prbcessesz (a) the blowdown process in which the exhaust
valves open near™fe end of the expansion stroke, thus allowing cylinder pressxge to
~ha

drop quickly to the exhalip;@ssure, and (b} the scavenging process during which=both

intake ports and exhaust valves ‘are open.

During the gas exchange period, the cylinder thermodynamic s_éa.te and contents
are determined by the blowdown and scavenging model. The modél developed assumes
that the-flcWtkrough the cylinder intake ports and exhaust valves is isentropic in a
' converging nozzle. The mass flow of fresh air into the cylir.der depends on the .iirbo:{

pressure P, and teﬁlperatur:z'Tab, cylinder pressure P. and the intake po/z opening
area A;,, while the mass ﬁovsfr out of the cylin‘der. depends on the cylinder pressure
P, and-tempera.ture T,, exhaust back pfessure P. and the exhaust valve opening area .
Aout. Fig. 6.1 shows a schematic of the gas exchangeﬂmodel. Airbox conditions T
and P,y are treated as known parameters from.experimental data and P, is assumed
to be a function of airbox pressure, viz: P, = Ky Py while Kjy is referred to as the
exhaust back pressure coefficient. ‘Alternatively, Pab, Tis and P, could be determined
fror_n a simulation of the turbocharger and blower. The timing and area, as a function
of cra:nk angle position, for both the exhaust valves and intake ports are based on engine
design. This data is givén, for the 6V53T engine, in Chapter 2, Figures 2.1 and 2.2
and Table 2-2. | o
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Fig. 6.1: Gas Exchange System Schematic



During scavenging, the mixing pattern oflfresh air and cylinder gases is a com-
plicated process.  This can be reasonably well evaluated by using multidimensional
techniques. In this model, a mixing coefficient ‘s’ is introduced so as to allow. some
flexibility in selecting the mixing pattern. When ¢ = 0, there is no mixing in the
cylinder and fresh air accumulates; at the other extreme, when ¢ = 1, the fresh charge
is cornpletely mixed with the cylinder gasses. In reality ¢ should lie between the two

extremes.

Thus, the model developed simulates the cylinder thermodynamic state (T and
P) and contents (mass and constituents) as a function of crank angle position and given

airbox conditions (Py, and Typ).

8.2 MASS FLOW THROUGH THE CYLINDER

6.2.1 FLOW INTO THE CYLINDER - ( '

As outlined, the intake p‘rocess; is modeled as _isentropic air flow in a converging
section with upstream airbox pressure P, and temperature T,;, downstream cylinder
pressure P, and intake port opening area A;;. From gas dynamic theory, in a converging
section, the Mach number ‘M’ cannot increase beyond unity for isentropic flow. If P°
is the critical pressure at the throat for M = 1.0, then the critical pressure ratio ‘P,,’

for the fresh intake air is given by:

P 2 K
P,.=—= K-1 6—1
o Py (K + 1) ( )
For intake air at 300 — — — 350° K, the specific heat ratio X = 1.4, Then, P., = 0.528

and three possible flow patterns exist.
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CASE I
ifs ]ffb < 0.528, then the flow is choked and;
M;, = 1.0,
P, = P* = 0.528 Py. R —
CASE II:
if: 1.0 > "J%E > 0.528, then the flow is not choked and;
P, = F,, :
M = { [ 1]z}
CASE IIL:
if: % > 1.0, then inverse flow occurs and -
P, = Py, ‘
’ ivf{n={[(§§)5~;‘—1]xl_—l}’. N

In practice, Cases I and III will not occur during a normat scavenging pro-
cess. Now, having identified the flow pa-ttern, the mass flow of fresh air into the

cylinder (W;,) during a time step ‘dt’ is given by:

Win = Win dt (6-2)
where: -
Flow Rate : Win = pin Min Cin Ain
Density: Pin = %"f
Speed of Sound: Cin=+vVK g R T
y Temperature: Tin = ﬁ%M—fn (Cases I and II)
> Tin = ﬁ_E::_—W,’,, "~ (Case III)
N

AN
Y



8.2.2 MASS FLOW OUT OF THE CYLINDER

-
s

For flow out of the cylinder, the gas specific heat ratio is taken as K =
1.36. Thus, the critical pressure ratio, from Equation (6-1), is 0.535 and the three
(%

possible flow patterns can be summarized as follows:

s

CASE L |
if: -gf < 0.535, then the flow is choked and;
Mgut == 1.0
Pout:-P. =0.535 Pc
CASE II: '
) ift 1.0 > % > 0.535, then the flow is not choked and;
o Pout = Pe .
. et . 1
Mo = { [ =1] i}
CASE 1L

if: % > 1.0, then invgrse flow occurs and;

P = P. |
Mot = { [ 1) e |
For most of the blowdown period, Case I will apply due to the high cylinder

pressure. Thus, the mass flow out of the cylinder during a time step ‘dt’ can be written

as:
Wout = Wour dt : - (6-3)

where:

Flow Rate: Wout = Pout Mout Cout Aout

Density: Pout = P‘f'iiai

Speed of Sound: Cout =vVK g R Tyut

Temperature: Tout = 1—_;7;-_:;2{‘—%: (Cases I and II)

Tout = m—;fm (Case III)
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6.2.3 CYLINDER CONTENTS .

It is now a direct matter to establish the cylinder contents for each step by
applying Equations (6-2) and (6-3) together with the mixing coefficient ‘¢’. At the
beginning of each step, the cylinder contents are known and consist of two parts, namely:
(i) the mass of fresh air, W resh, @and (ii)' the mass of mixed air and products, W\ et

Thus, at the beginning of each step;

& -

W, = "Vl,fresh + PVl,mixr.-ci

and, at the end of each step;

W, __‘\.T"Vhfresh =+ "VE,mixcd =W, + Wi — Waue - (6_'1)
where: Wz,fresh = Wvl.frcsh. + (1 - S')W:'
W?.,mixed = Wl,mb.c‘ed +¢ E'Vin —-I’VOM ' : e

E

\ The number of moles of each species (B, { = 4, 14; see Chiapter 5, Eq. 5-1) can

now be readily established. Details of this calculation are presented in the following

section. _ {

6.3 CYLINDER THERMODYNAMIC STATE

The thermodynamic state in the cylinder during blowdown and scavenging is
governed by the first law for open systems, viz:

Qin_Wk':UZ_Ul "H{R+Hout

“or Up=Us + Hin — Hout + Qin — Wi (6-3)
where:
U, — final internal energy in the system at T
UU; — initial internal energy in the system at T}

H;. — incoming enthalpy of W;,
H,.; — outflowing enthalpy of W,



@  — heat transfer into the system

W, — work done by the system
1

Further, by definition;
U=H-PV=H-NRT ' ‘ (6-6a)

and the total enthalpy per urit mole of 'sp-ecies is:

h= Ah} + (hT - h293) : . ’ (G—Gb)

where:
AhY — enthalpy of formation
- (hr — hags}— relative enthalpy (tabulated)

Thus, if N; is the number of moles of each species ‘¢’, then U takes the form:

U=, N;-h;— NRT | _ - (6-6¢)

The cylinder thermodynamic state at the end of each step must satisfy the
energy Equation (6-3). Having established the cylinder contents, {Section 6.2.3}, an

iterative solution can be directiy applied as outlined below.

STEP 1: Estimate T3, P

= k-1
,m=n[@ @], 3 (6-7a)
Py = Pi(§2) (F) () R (6-7b)

S’fEP 2: Calculate Uy
Up =12, Ai-hi —WiRTy (6-8)

‘where:
A; — number of moles of each of the eleven species in
the cylinder at the beginning ;)f each step,
h; —\ total enthalpy per mole of each species pelr

Equation (6-6).
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STEP 3: ‘Calculate Hy, ‘ | o

Hin = NO: ' ho: + NN: ' h'N: ’ (6—9)

where:

Ng, = 0.21(W;,/28.96), the number of moles of oxygen
in the inﬁciwi—r;g_ mass W;,,

Ny, = 0.79(W;,/28.96), the number of moles of nitrogen
in the inflowing mass W,,,

ho,, hn, are the total enthalpies per unit mole

of Oy and N, at airbox temperature T},

as per Equation {6-6).

STEP 4: Calculate H,q

There are two possible cases for the calculation of H,y: depending on mixture

availability.

(i) If the mass of the cylinder mixture of fresh air and exhaust gases, Wa, is
greater than the outflow W,y, then all of the outflow mass is from the mixture at an

average temperature of (T} + T2)/2.

Thus, the enthalpy out of the cylinder is: °

Hout = 3124 (H;—':V,;‘,j‘,f—d) - Ai - by (6-10a)
Further, the number of moles at the end of the step can now be determined as:

Wout

for 02 : B4 = (1 - %) ' A4,mixed + Aol,fresh + NO;
1,mixed .

. Waut

for Ny Bs = (1 - W““_—) : As,mixed + As,freah + NN:—

1,mixed

where A4 mixeq 2nd As,mixe& are the number .of moles of O; and N; in the mixture

respectively, and Ay fresh 2nd As freah are those in the fresh air.

For the remaining species; CO;, H,O, CO, H;, CHy, OH, O, H and NO
(i=6 to 14), then
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Big(l;wg.*»_.:,;).m.

-«

(ii} If the outflow mass, Woy, is greater than the mass of available mixture,
then the model assumes that all of the outflow is from the accumulated air. Thus, the

enthalpy out at average cylinder temperature (71 + T3)/2 is:
Hoyg = 2:24 (%}:‘;) ~Ai - hy (6—10b)

and the number of moles at the end of the step can be written as:

for Og . B4=(1—%‘1—)'A4 +NO:s

l.iresh

for Ny : Bs=(1-plew) 4+ Ny,

and for the remaining species numbered from 6 to 14:
B; = (I—W‘T—t"‘::) < A

STEP 5: Determine Q;,

@ is calculated by the heat transfer model established in Chapter 2, Section

-

STEP 6: Determine W,
Wy = (B£hR) (v; - ) (6-11)

STEP 7: Assess Thermodynamic State

The accuracy of the estimated thermodynamic state in the cylinder (T3, P,) can
now be assessed by invoking the energy Equation (6-3) since the total internal energy
‘Us’ can now be calculated directly as:

Uy =Yt Bi-hi — WyRT, | (6-12)

1=4
Now, Equation (8-5) can be written as an energy balance where AU — 0, viz:

AU = Uz bt (Ul + Hin - Hout + Qin ""‘%) (6_13)

Now AU can be used to improve T; and P;;

= AU
Tonew = Tz,old ~ C.y
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T2 Hew
P2 new = Pl(%?)('“‘f‘l—)(%)

where Cyp is the average specific heat for total mass of cylinder mixture as expressed

in Chapter 5.

'STEP 8: Iterate

Using the new values of T» and P;, steps 2—7 can be repeated te reduce the
unbalanced internal energy AU. In practice, this iteration is repeated until:

AT, = %@1\ < 0.5 °K.
vp

8.4 EVALUATION OF THE MODEL

In developing the blowdown and scavenging model, two parameters were intro-
duced to add generality, namely: (i} the mixing rate coefficient ‘¢’, and (ii) the exhaust

back pressure coefficient ‘K,

The mixing rate coefficient does not have any significant impact on cylinder
thermodynamic state nor on scavenging flow rates or trapped mass. In the model, it
correlates with the residual gases ('combustion products) remaining in the cylinder at
the end of the scavenging period. For the 6V53T engine, no data was available in this

regard, thus a nominal value of 0.5 was chosen.

On the other hand, the exhaust back pressure coefficient strongly affects scav-
enging flow rates (Table 6-1) which were also experimentally measured over the full
operating range of the engine. Through a series of numerical experiments and corre-

lation with available data, a value of K, = 0.9 was selected.
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TABLE 6-1 '

EFFECT OF BACK PRESSURE COEFFICIENT Kbp ON FLOW RATE

ENGINE SPEED (RPM) _§ 2200 2200 2200 2200 2200

BACK PRESSURE COEF. Kbp 0.86 0.88 0.90 0.92 0.94

~ FLOW RATE (Kg/Cyl/Cyc.)x®y 0.236 | 0.221 | 0.203 | 0.183 | 0.161

<2
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_ CHAPTER T

'MODEL EVALUATION

7.1 INTRODUCTION -

The thermodynamic and combustion model develdped in Chdpters 2 t]lxmugh
6 consists of a number of sub-models, principal among them being: fuel simulation;
initial conditions: heat transfer; fuel injection schedule; ignition delay; fuel-air mixing
rate; reaction rate; equilibrium combustioﬁ; blowdown and scavenging; cylinder thér-
modynamic state; etc.  The empirical constants and functions in these sub-models
were evaluated for the 6V53T ehgine operating at discrete test points. Further, many
of the sub-models are not only original but unique in the respect that they reflect not

only engine speed and load characteristics but also fuel specification data.

The objective of this chapter is to thoroughly investigate the ability (and ac-
curacy) of this model to simulate the behavior of the 6V53T engine at all speed/load
conditions for each of the three test fuels; in particular, to assess (i) sub-model inte-
gration and interaction; (ii) behavioral trends and numerical accuracy; and (iii) the
Slbtleties of fuel-to-fuel charactéristics. This is accomplished through direct compar-
isons with an extensive experimental base established as part of the overall program [45,
46, 47, 48], which includes both indicated and combustion characteristics for all three

test fuels, and through comparisons with the open literature.

7.2 OVERALL MODEIL EVALUATION

All indicated and combustion characteristic data are derived from the cylinder

pressure curve. Thus, a general comparison of the pressure-crank angle (P-CA) curves

e
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provide an important overall assessment of the model.  Numerical accuracy of the

model is best judged by indicated performance characteristics (i.e. the integrated P-CA
curve) and subtleties of the model by specific characteristics of the P-CA curve, such
as maximum cylinder pressures and pressure rates and their locations. This section
assesses all of these. afpecﬁs for the complete engine speed/load range and for all three

. p—

test fuels.

7.2.1 P—-CA COMPARISON

Figures 7.1 through 7.9 plot cylinder pressure vs. crank angle for the complete
cycle together with the experimentally measured values. The complate engine speed
range {1500, 2200 and 2800 RPM), at both full load and part load, * for each of the test
fuels is presented. All of the curves show excellent correlation with the experimental
daf.a for all of the cyclg processes, namely: compression, heat transfer, injection, ignition
delay, rapid combustion, main combustion, expansion and tail combustion, blowdown

and scavenging. {

It could be noted that compression is initial condition model controlled, start of
combustion is ignition delay model c\éntrolled, early combustion is reaction rate model
controlled, main combustion is fuel-air mixing rate model controlled and the gas ex-
change process is blowdown and scavenging model controlled. Furth\et, the cylinder gas
thermodynamic state (pressure and temperature) and constituents (combustion prod-
uct species and concentrations) are determined by the equilibrium combustion model
together wkh the integrated effects of a number =0f sub-models principal among which

are the fuel simulation and heat transfer -models.\

Several pertinent observations from \Jnfl;-CA plots can be made: (i) the sub-

* Throughout this report, the general term ‘part-load’ tmplica o brake torque output of 250 ft-lbs. unleas otherwise
specified.
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model integration is effective; (ii) the model moves from fuel-to-fuel and from test point-
to-point {engine speed and load) with considerable accuracy, (iii) the subtle differences of
early combustion (rapid pressure rise at the start of combustion) are reflected between

fuel and engine test points, and (iv) fuel property effects on the pressure curves are

evident.

~

7.2.2 MAXIMUM CYLINDER PRESSURE

Maximum cylinder pressure and location on the P-CA diagram are both critical
parameters that relate to engine combustion ana-lysis and design, especially at full load
operating conditions. The values of maximum cylinder pressure are important for
engi:l1e mechanical design and the maximum pressure location will strongly affect the
thérmodynamic performance of the engine.  With respect to the model, these values
are the integrated effect of many su‘b-models, including such key models as fuel injection

timing and rate, ignition delay, fuel-air mixing and reaction rates and combustion.

Figure 7.10 plots maximum cylinder pressure vs. engine speed, at both full and
part loads;, for each of the three fuels. The e:‘cperimenta.l data points, at each 160 RPM.
are also shown. ’The location of maximum pressure, together with the experimental
data, is shown in Fig. 7.11 for all three fuclals. From a study of these plots, several

items are noted.

i) Excellent correlation between the model and experimental data exists at all engine
speed/load settings and for each fuel. Maximum pressures are typically within

several percent and locations within one crank angle degree.

ii) Model trending is accurate. Subtle changes in maximum cylinder pressure and
its location due to engine speed, engine load and fuel properties are all correctly

interpreted by the model.
N

S



7.2.3 MAXIMUM PRESSURE RATE

In a diesel engine, a period of 'rapid combustion’ lasting only several crank
angle degrees (typically less than half a milli-secbnd), always directly follows ignition
delay (or onset of combustion). It is during this period when diesel knock may
occur and can be identified (experimentally) as large pressure rate fluctuations. From
the experimental program, knock was one of the key concerns identified when burning
Fuels 3 and 4. Thus, when developing the thermodynamic/combustion model, the
carly combustion period was ‘given' special consideration. In this simulation, early
combustion is directly controlled by the reaction rate model and indirectly through fuel

property correlations, the ignition delay and fuel-air mixing rate models.
{

Figure 7.12 shows maximum pressure rate as a function of engine speed at two
load settings for each of the three fuels. The corresponding experimental data p.oints
are also plotted. It is clear from the plots that this rapid combustion period, at least
with respect to maximum pressure rates, is fairly accurately simulated. Pressure rate
trends as a function of fuel properties, engine speed and engine load are correct (eg.
high pressure rates are associated with low speed, low load engine operation and with
low cetane fuels) and the numerical values predicted are accurate. The model does

tend to predict the location of maximum pressure rate (Fig. 7.13) about one crank

—
T

“angle degree early for the off-specification fuels.  This, however, is n& a significant

variation.

It could be noted that this early combustion period does not significantly affect
maximum cylinder pressures nor engine indicated performance. This could account for
the almost total lack of attention given it in the Pitegs.ture. However, for engine-fuel

studies, pressure rates are one of the key parameters to be evaluated.

¥
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7.2.4 ENGINE INDICATED PERFORMANCE

When the cycle is closed by the simulation program, the cylinder pressure curve
can be used to generate the indicated engine per‘forrnance. Basically, the indicated
mean effective pressure (IMEP), indicated horsepower (IHP), indicated thermal of-
ficiency (n:) and indicated specific fuel consumption (ISFC) are of general inter-

est.  The total work done during the cycle can be obtained by summing the work

.
of each step, viz:

wir =5 AP w, v, -, (7-1)

)

Thus, the indicated mean effective pressure can be expresged as:
IMEP = Wy r/Vi (N/M? (7-2)
where V.h is the 'cylinder displacement and indicated power for the enginé becomes:
Power =i-Wyp - N/6O, (W) » (7-3)
where ‘1" is the number of cylinders and ‘N’ i-s the engine speed {RPM), or:

IHP = 2.235x 107° .- Wyr-N.  (HP) o (7-4)

.

Indicated thermal efficiency is:

___ W
Mth AHg - M,

¥

x 100% (7-5)

Where the minus sign allows for the sign of the heat of reaction AHg and M, is\ﬂle

total mass of fuel injected into a cylinder. . . [—*\
A . . A

The model predictions for.the 6V33T engine ind?cated performance, i.e. IHP"’,
IMEP, ISFC and n; are plotted in Figures 7.14 to 7.17 for the three fuels as a function
of engine speed. Experimental results, under the same operating conditions, are
also given on each plot and excellent correlation exists at all engine speeds and loads

and for each fuel. This is not surprising since these parameters are hased on cylinder

L
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pressure simulation and the P-CA curve was shown to reflect all phases ’_Ef the cycle with
considerable accuracy. IHP is considered to be the key engine performance ‘measure’
.-'a.nd, in this regard, the model trends are vm accurate (re. engine speed, engine load
and fuel type). Numerically, only slight variations from experimental data exist for
Fuels 3 and 4, at full load with Fuel 3 being 1-2% higher?nd Fuel 4 being 2-3% lower

than the experimental value.

7.2.5 SUMMARY : I

In this section, the overall model behavior was evaluated by focusing on engine
performance criterion (IHP, etc.); cylinder thermodynamic simulation (maximum cylin-
der pressure and location); fuel combustion characteristics (maximum cylinder pressure
rate and location) as well as overall P-CA comparisons. It was shown that the model ex-
hibits exact trending as well as considerable numerical accuracy at all engine Qpeed/load
settings and for all test fuels. In the following section specific areas of interest are ex-
amined including: ignition delay, cycle closure or the blowdown and scavenging process,

heat transfer and combustion products/emissions.

J
7.3 SPECIFIC EVALUATIONS

7.3.1 IGNITION DELAY \

~ |

From model analyses [49, 50, 51}, it was shown that ignition deiay was a key

factor affecting early combustion behavior in a diesel engine and that the need for an ex-
plicit ignition delay model was clear. The model in Chapter 3 represents ignition delay
as a direct function of engine operating speed and load, fuel cetane number, temperature

and pressure-at the start of injection. Thus, indirectly, ignition delay is a complex inte-
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gration of fuel properties, engi,he operation and engine design and, iﬁ very subtle ways,
involves virtually all the thermodynamic and combustion sub-models. For example,
ignition delay is directly dependent on temperature at the start of injcc-tion. Thus,
the value of this variable alone will depend on the engine operating point (specd and
load), engine design (turbochfzrger characteristics and sca.vengin.g process, fuel injec-
tion timing, compression ratio, etc.), fuel properties (eg;. fuel density/ heat value, ctc.,
will affect engine output and thus turbocharger cl{éracteristics) heat transfer and so
on. These extensive but subtle interactions are not explicit and/thmr integrated affect
on ignition delay ca.nnot be easily understood; however, they will be reflected by the

[N

thermodynamic/combustion simulation program.

Thus, ignition delay predictions require the general simulation program to be
used. Figure 7.18 plots ignition delay vs. engine speed at full"a.nd part load for each of
the three test fuels. In the plots‘,\ the experimental data pointé are also shown. In the |
experimental program [45, 46, 47, 48], two delays were measured and termed ‘ignition
delay’ and ‘combustion delay’. These are both measures of the onset of combustion, the
difference between the two being that combustion delay represents a higher heat release
rate while ignition delay reﬁresents the first measurable {and sustained) deviation of
the fired pressure curve from the motored curve. These conditions usually occurred
within a fraction of a crank angle degree and were often the same point. For model
analysis, the average of these values was considered to be the most representative point

and is used in the comparison.

A study of the plots (Fig. 7.18) again reveals accurate ignition delay predictions,
especially considering the complex interplay of parameters and sub-models. Not only
aré engine load, speed and fuel type trends correct, but the subtle fuel-to- fuel differences
in ignition delay measured in the experimental program (and yet remain unexplained)
are also reflected by the model. Such engine/fuel analyses are not the subject of this

chapter and will be treated later.



7.3.2 CYCLE CLOSURE

The gas exchange process is controlled by the blowdown and scavenging sub-
model which also closes the cycle. This section examines, in detail, the gas exchange
“\process using Fuel 1 data only since differences due to fuel type during this period are

’

not significant,

Table 7-(1 presents the model values of scavenging air mass flow rate and cy-
cle closure parameters (i.e., initial conditions of trapped mass, temperature and pres-
sure). Initial conditions at the start of the cycle are determined as outlined in Section
2.4 while the flow rate is compared with experimental data. Owverall, excellent cycle -

_ closure is achieved, in particular:

(i) At the end of the scavenging process, model predicted trapped masses in the
cylinder agree to within 3% with those determined from the GM model, (see
Section 2.4).

(i1) Modeléjpredicted final pressure and temperature at the end of scavenging are -
also well matched with the initial estimated pressure Fy, and temperature T}, at
the beginning of compression. The pressure difference is less than 1% while the

temperature difference is less than 6%.

Figures 7.19 and 7.20 plot pressure vs. crank angle during blowdown (and scav-
enging, in part) at part load and full load respectively, for three engine speeds. Again,

excellent correlation with experimental data exists.
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7.3.3 HEAT TRANSFER

For each step of the cyele, the instantaneous heat transfer is calculated using
Woschni’s model and the heat transfer rate is calculated as detailed in Section 2,5.2. Al-
though no direct comparison of these values with experimental data can be made, some

~ comparisons with the open literature are of value.

Figure 7.21 plots the heat transfer coefficient vs. crank angle for two load
settings at 2200 RPM. The plots also show the coefficient of the motored curve so
:1.5 to see the effect of combustion. Compared with the literature (Fig. 7.22), the
heat transfer coefficient is clearly of the correct magnitude and character. Also the
instantaneous heat transferﬁ';'a.te (Kcal/s) per cylinder is shown in Fig. 7.23 as a function

of crank angle position at the same Engiﬁe operating point. ~Such data is of value for

the design of the engimne cooling system.

Cylinder gas temperature is the key parameter upon which the above calcula-
tions are based. Figure 7.24 shows the cylinder gas temperatures at the 2200 RPM test
point. The cylinder thermodynamic state {gas temperatufe and pressure) is evaluated
at each step of the cycle. Through direct comparison with experimental data, pressures
have been shown to reflect all phases of the cycle (rapid or early combustion, main com-
bustion, blowdown and scavenging, etc.) with considerable accuracy. Thus, it follows
that predicted gas temperatures will also accurately reflect the cylinder thermodynamic

condition.

At 2200 RPM, full load, maximum cylinder temperature reaches 2134 °K at
about 15 °CA aTDC. This is about 8-9 °C A later than that of maximum cylinder
pressure. At the beginning of blowdown, gas temperatures are still in the order of
1300 °K. Two typically steps occur in the temperature curve, The first is always at
the 56°C A. position as this is the point where the simulation program closes the cycle
(i.e. start of compression) as discussed in the previous section. The second step r:vccurs

at about 10 °C A bTDC at full load (=~ 5°C A bTDC part load) and corresponds to the



early or rapid combustion phase of the diesel cycle.

7.3.4 COMBUSTION PRODUCTS/EMISSIONS

 The combustion sub-model (Chapter 5) is based on the equilibrium of seven
chemical reactions which represent eleven species, namély: Oq, Na, COa, H-O, CO,
H., CHy, OH,O, H, and NO. Thus, the simulation program evaluates the number
of moles of each species at each calculation step and hence, traces the history of com-
bustion products, assuming chemical equilibrium, throughout the cycle.  Although
in an operating engine, chemical equilibrium will not normally be reached, especially
that of CO and NO, the analysis does provide some insight into the bzhavior of the
combustion products as well as engine emissions. _‘ It could be noted that no attempt
was made t<.3 develop an emission model, nor was such a model required to meet the

research objective. . : ¥,

Figure 7.25 shows a typical history of combustion products development through-if-
out a cycle. Here, Fuel 1 at 2200 RPM, full load is used and species percent-by-volume
vs. crank angle position'are plotted. For the test case shown, several observations can

be made.

(i) Ny, of course, is the major species represen‘@(g 78.7% by volume at the end of

expansion while available oxygen (excess air) is 7.1%.

(ii} CO; and H20O are major products of combustion_and represent 7.4% and 6.8%

respectively, by the end of expansion.

(iii) The volume percentages of the minor species all maximize about 16—18°C'A
aTDC with the exception of NO which peaks slightly sooner. All minor species

show moderately rapid dissociation curves during expansion.

(iv) Of the minor species, NO and OH show the highest formations reaching max-

imum values of 0.85% and 0.30% respectively. Further, their dissociation rates

-
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are slower than the other minor species and thus also represent the major emis—
sions. At blowdown, NO accounts for 0.027%, OH for 0.003% of the cylinder

gases by volume.

(v) CO and O formations maximize at about 0.022% but also show rapid dissociation
rates during expansion. By blowdown, their volume percentages are only:

0.44 x 1075 for CO and 0.9 x 10~% for O.

IO (vi) The volume percentages of H; and H reach maxima of only 0.004 and 0.008
reape';:tively, drépping to 0.27 x 1075 and 0.24 x 1077 at blowdown.

(vii) The volume percentage of CHy is vary small (in the order of 107%°), hence,

treated as zero.

Although the research program is not focused on exhaust gas analysis, emissions
are of interest with respect to engine/fuel interaction studies. F:urther, in this chap-
ter; proving the combustion model (i.e. equilibrium reactions, constants, ca.lcula.tions,.
etc.) is of interest. Now, based on the species concentrations at blowdown, a good
evaluation of the combustion model can be made by matching conditions at blowdown
and executing a complete combustion analysis. Thus, from the model, at 2200 RPM,
full load with Fuel 1, the conditions are:

(i) Air/Fuel ratio = 21.9,
(ii) Total fuel injected, M; = 0.5247 x 1074 (Kg/cylinder/cycle),
(iii) Mass fraction: X1 = 0.0083 for CgHis,
| X, = 0.1810 for CsHs,
X3 = 0.8107 for CyzHae,
(iv) Percent of fuel burned = 81 %

Now, the chemical reaction for completeé~edmbustion is:
. n1CgHig+ naCgHe + n3CraHzg + 14Oy + nsN2

= ngCOy + nrHy0 4150, + ng N, --
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Thus, the number of moles can be established:

Reactants:
ny = 0.81- Xy - M;/We,x,, = 3.089 x 107°
ng = 0.81- Xy - My/We, g, = 9.850 x 10~8
ny = 0.81 X5 My /We,, 1, = 2.023 x 1077
ng = SELUFIM _ g 335 5 1075
ng = LRAFIM _ 3 135 % 1075
Products:

ng = 8n; + 6ng + 12-n3 = 3.043 x 10~®
ny = 9n; + 3ng + 13n3 = 2.953 x 10~°
ng = ng — ng — 0.5n7 = 3.813 x 1078
ng = ng = 31.316 X 10~

Now, the total products are: n; = ng + n7 + ng + ng and the percent by volumg¢ of
each product is n;/n;. Table 7-2 compares the equilibrium combustion results {model
calculation) with the complete combustion approximation for the specified test point at
blowdown. The major species correspond very well, the differences being due to the

minor species and equilibrium, as opposed to complete combustion.

TABLE 7-2

COMPARISON OF SPECIES CONCENTRATIONS
BETWEEN EQUILIBRIUM AND COMPLETE COMBUSTION
(2200 RPM, FULL LOAD, FUEL 1 AT BLOWDOWN)

~

SPECIES AND CONCENTRATION (% By Volume)
Calculacion i
Procedure ) 0 | €O, | HO| CO o iy i CH . 5o o,
Zquilibrium 0.44 | 0.9 | 0.27 | 0.26 | | )
Combuation 76.30| 9.35 | 7.47| 6.88 <1075 | x1078 :10_5 ::10-7 0.003| 0.027 | 710730
(model)
Complaca !
Combustion 76.19| 9.27 | 7.391 7.17| - . - - - - - I -
(approximarion) | |
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7.4 GENERAL ASSESSMENT

7.4.1 ENGINE MAP COMPARISONS

Engine indicated performance and combustion parameter mappihg was intro-
duced in the experimental program [48]. Not only was it shown that such parameters
are mappable, but also that such maps provide a perspective and an insight into engine-
fuel behavior not attainable from classical characteristic (maximum torque) plots. The
maps provide, in a single plot, the behavior pattern of any parameter over the complete
speed/load operating range of the engine for a given test fuel. Thus, engine-fuel trends

become highly visible and extremum conditions (optimum or critical) can be located.

In the experimental program (48], for mapping purposes, an RPM-brake torque
grid was used with approximately 154 test points plus the maximum torque curve. At
each test point, approximately 64,000 data samples were taken (complete data set) or,
for the Iﬁzips, approximately 10,000,000 data per fuel tested. THis data is reduced
by the lab computer (HP 1000) and generates a map data matrix for each parameter
(brake, indicated or combustion) of interest. The general mapping program, resident
on the mainframe, expands the data matrix supplied to a 101 by 101 matrix, through
interpolation, to increase map precision. From this 101 x 101 matrix, specified isocline

values are searched and drawn and minimum/maximum values are located and printed.

Thus, the thermodynamic program was run over the same operating grid as
used in the lexperimental program {speed: 1500-2800 with steps of 100 RPM; load: 100
ft.1bs-maximum brake torque with steps of 50 ft-1b.).  This allows not only model
parameter mapping but also direct comparison of all predicted maps with experimentally

derived maps. y

Figures 7.26 to 7.31 present the map comparisons. Two performance parame-
ters (IHP and. IMEP) and two combustion parameters (maximum cylinder pressure and

maximum pressure rate), considered to be the most important assessment parameters,

f
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are shown for each of the three test fuels. It should be noted that such comparisons
are without precedent, for a model to simulate not only all engine speed/load settings

but also different fuels is simply not expected.

In the opinion of the author, the results of the maps exceed expectation. loth
"the indicated performance and combustion parameter maps clearly show that the model
is predicting accurate trends not only‘ for the complete operating speed range of the en-
gine, but also from fuel-to-fuel. | Furthermore, the model does not possess or show
any “quirks” for any of the fuels; thus, pa:rametric studies can be expected to be reli-
able. Moreover, subtleties of the engine-fuel interaction or behavior are also reflected
by the model; for example, Fuel 3 is predicted to give the lowest perfofma.nce (IHP), Fuel
4 the highest, exactly as determined in the experimental program. Also, maximum
pressure rates are predicted to occur at 200 ft.1bs. torque and low speed, again exactly

"as measured. Such subtleties, together with accurate trending, allow engine/fuel and

pressure rate analyses to be conducted with confidence.

7.4.2 PARAMETER SENSITIVITY ANALYSIS

This ch’a;pter has been concerned with model evaluation through direct compar-

ison with experimental data. Such comparisons validate the accuracy and predictive

capability of 2 model; however, interpretation of the results requires an understanding’

of the behavior of the model itself.  This can only be achieved through parameter

sensitivity analyses.

Thus, parameter sensitivity studies were conducted in order to: (i) gain insight
into the controlling variables of thermodynamic and combustion models, and (i) to
confirm that the established values of the parameters are reasonably located: i.e., =
variations of a parameter should show similar trends in the model response. Thus, the

established parameter value together with +10% variations of that value were run on
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the general simulation program. All tests were run at full load, 2200 RPM with Fuel
1. The sénsitivities of indicated horsepower, indicated thermal efﬁcien&gt;aximum
cylinder pressure, maximum pressure rate and ignition delay were evaluatedhagainst a

range of model parameters. The results are presented in Table 7-3.

The first observation of interest is the overall model behavior and, in thisx regard,
all trends are correct. For example, increased turbocharging (increased P;) results in
higher engine performance and shorter ignition delays whereas intercooling (decreased
Ty3) increases engine performance but also increases ignition delays, all of which are
- known to be true in practice. Likewise, similar arguments can be applied to all other

parameters listed.

The second set of observations relates to the sensitivity and interaction of each
parameter. From such ob;e—rvations, considerable insight into the model’s behavior,
and thus the engine’s beha.v?or, can be gained. Overall, it is clear that initial conditions
have the greatest impact ;.m both engine performa.nce- and ignition delay. However;

ignition delay itself has the greatest impact on maximum pressure rates. This apparent

paradox will be explained.

Of the initial conditions, charging efficiency is the most intriguing.  While
increased engine performance was expected, the impacts on ignitio_p delay aid pressure
rates were not. However, an increase in charging efficiency translates directly into an
increase in trapped mass at the end of scavenging or at the start of compression. Now,
an increase in trapped mass (at a ﬁxéd volume) must be accompanied by a con‘espondi;lg
increase in pressure of the trapped gas or a decrease in its temperature. In the model,
as one would expect to be the ca;se of an operating engine, trapped gas pressure will
not alter significantly. Thus, increased trapping efficiency correlates with decreased
trapped gas temperature. The in‘c(gaseq pf'éxpped mass readily explains the increase in
engine performance and maximum cyli;der pressure while the decrease in cylinder gas

temperature correlates with the increase in ignition delay. Indeed, the model predicts



\-“Qi:e)crease in the gas temperature at the start of injection from 969°K to 897°K due
tﬁlincrease in charging efficiency of 10%. Based on the earlier ignition delay study
(Table 3--3 and Fig. 3.2), this 7.4% decrease in cylinder gas temperature will result in an
increase of 29.8% in ignition delay, almost exactly as predicted. The difference is due
to the slight variations in cylinder pressure and fuel/air ratio which also affect ignition
delay. Also, the large change in ignition delay would be expected to give rise to much
greater preséure rate changes than those predicted, as is indicated by the ignition delay
parameter values of Table 7-3. This again is a direct result of reduced cylinder gas

temperatures during early combustion and hence a reduced reaction rate.

The heat transfer results show that large variations in either the heat transfer
coefficient or the cylinder wall temperatures do not have significant effects on cither
engine performance or the combustion parameters. This is very desirable in thatl
uncertainty exists with respect to the values of both ‘A’ and ‘T’ as is eyidenced from

the literature.

Relative to the combustion variables, several points are of interest. Reaction
rate has no affect on any of the parameters other than maximum pressure rate. Also,
ignition delay within reasonable limits (eg.= 1°CA) has an insignificant impact on

| en.gine performance and maximum cylinder pressure but is the key parameter afiecting

maximum pressure rates (i.e. rough combustion and knock in an actyal engine). This

con'efates exactly with the behavior of the low cetane off- ation fuels as measured

i@e\experimental program. Finally, improved fdel-air mixing rate results in improved

~

er@xe performance (a direct result of more rap ‘ pﬁbustio especially near TDC) and
: increasciﬂpressure rates due to an increase in prepared fuel af the end of the ignition

delay period.
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7.5 CLOSURE

In this chapter an extensive evaluation of the thermodynamic and r{tbustion

model was conducted. Through a comparison with the extensive experimm_ al data
base [48] and the open literature, the model was shown to acc.ura.telypredi-(':t 6VH3T
engine performance and combustion parameter data for all three test fuels and at all
engine speed/load operating points. 'Thus, considerable confidence exists in using this
model to study not only engine parametric effects but also the subtleties of engine-fuel

interaction and off-specification fuel combustion control.
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CHAPTER 8

CONCLUSJONS

3

In this volume a general thermodynamic and combustion simulation model was
developed for a two-stroke diesel engine. Further, by incorporating fuel parameters into
a number of submodels, particularly those pertaining to combustion, actual éngine/fuel

simulation was achieved.

While.the theBﬂQ for engine thermodynz;rnic simulation are fairly well estab-
lished, diesel engine combustion modeling is not and, in particular, combustion simula-
‘.tion with respect to fuel type is new. In this research.program, the combustion process
was established around four key submodels, namely: ignition delay, fuel-air mixing rate,
fuel-air reaction rate and fundan::enta.l chemical equilibriufn.- There. models, as devel-
oged, all reflect either explicitly or implicitly, fuel properties as well as,engine speed

and load settings.

The combustion philosophy reflects actual diesel engine combustion with an ex-
plicit ignition delay followed. by the characteristic rapid combustion phase on iﬁto main
and tail combustion. This sequence, though interactive with a number of submodels,
is sequentially controlléd by the ignition delay, reaction rate and mixing rate models
respectively. Also of interest is the fuel simulation. Here, the test fuel is represented
by a combinatioﬁ of pure fuels (in this work three pure fuels were used) through a corre-
lation with the test fuels’ specification data (in this work C'/H ratio, aromatic content
and fuel density were used). This allows fundamental chemical equilibrium analysis,
rather than the usual “heat release” approach, when simulating combustion.  Thus,
both the combustion chemical reactions and products of combustion are correlated \';fith

diesel fuel specification data.

In summary, the salient features of the study are as follows:

(i) Diesel engine combustion has been successfully simulated and correlated
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with fuel properties. = This model should be applicable to other dicsel engines with _

suitable fitting of parameters.

(i) The general thermodynamic and combustion simulation model was lit-
ted to the 6V53T engine and test fuels through a direct correlation with experinent !
data.  This model should lend itself readily not only to other two-stroke diesel en-
gines but also to four—stréke diesels by replﬁcing the blowdown/scavenging and initial

condition z_submodels.

(ili) Through an extensive evaluation study it was shown that:

— . the model accurately simulates all engine trends not only for all engine

speed/load settings but also for each of the test fucls,

— engine indicated performance and combustion parameters are accurately

predicted, and that

— the early combustion period, in particular pressure rates as a [unction of

fuel type, is correctly interpreted.

(iv) Parametric studies revealed a number of interesting insights into en-

gine/fuel behavior including:

N

— ignition delay was seen to have the greatest affect on combustion pressure
rates although maximum pressure rates themselves do not alffect maximum

cylinder pressures nor engine indicated performance,

—  fuel cetane number was seen to have a direct correlation with ignition

delay; however, cylinder gas temperature was seen to control or dominate

A}
the actual delay period, and -

— init'\al conditions were seen to have the greatest impact on engine perfor-

N\
mance.
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In general, it is believegl that this model can be used not only for engine per-

formance parametric studies but also for more subtle engine/fuel interaction analyses.
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PART II

~

ENGINE/FUEL ANALYSIS
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CHAPTER 9

INTRODUCTION

i
-

In Part I of this thesis, anroad literature survey of internal combustion e‘ngine
modeling was executed togethér with the development and evaluation of a thermody-
namic and combustion model for the two stroke GM6V53T diesel engine. Simulation
focused on the development of several key models which affect interaction and com-
bustion characteristics as well as simulation over the complete engine operating range
and for each of the three test fuels. These include: i) ignition delay, ii) fuel-air mix-
ing rate, iii) fuel-air reaction rate and iv) equilibrium chemical reaction or combustion.
The {nodel was extensively evaluated in Chapter 7 by direction comparison with the
complete engine/fuel data base established in the companion engine/fuels testing pro-
gram. The model was shown to correlate with experimental data for all test fuels and
at all engine operating points. In particular, early diesel combustion was accurately
simulated, thus suggesting that cylinder pressure rates (diesel knock) as well as engine

performance could be investigated.

Further, since one of the R&D objectives was to gain insight into engine/fuei
interaction, fuel parameters were incorporated into a number of the submodels. This
feature appea.rs/to allow simulation of ignition delay, early combustion and main com-
bustion not only between engiﬁe operating points but also from fuel-to-fuel. In the
experimental program, the Oilly difficulty found when burning the off—speciﬁcation fuels

» was the high pressure rates encoung‘ared during early combustion. Theoretical analy-
sis can provide considerable insight‘ and understanding of the early combustion process

- which is a complex interaction of a number of parameters, including cylinder thei%hody- :
naric state, fuel injection schedule, ignition delay, reaction rate controlled and diffusion

rate controlled combustion phases, etc. Thus, searching for possible solutions of reduc-

ing the pressure rate while maintaining engine output and thermal efficiency can only

Yo

be reasonably approached through theoretical analyses.
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In Chapter 10, engine/fuel interaction studies are conducted at 2200 RPM, full
and part load, for each of the three test fuels.  In particular: i) cylinder pressure
and temperature; ii) pressure rate and fuel mass burning rate; iii) ignition delay and
iv) cylinder thermodynamic state at the start of fuel injection are investigated. The

LT

study of these parameters help to explain the subtle enging?fuel behavior noted in the

experimental measurements.

An engine perforrgance study is conducted in Chapter 11 at 2800 RPM, full load
with Fuel 1. In this study, the variation of engine power, thermal eﬂicieni:y, maximum
cylinder pressures, maximum pressure rates and ignition delay are evaluated subject to
changes in: i) injection timing; ii) airbox temperature (intercooler); iii) airbox ‘pressure

(turbocharger boost) and iv) engine compression ratio.

In Chapter 12, a combustion knock and control study is presented. Both
experifﬁental measurement and theoretical modeling have shown that high cylinder
pressure rates occyr in the low enéine speed and load region. Thus, a pilot injection
system was studied at 1600 RPM, 200 ft-1b. brake torque operating condition. An
optimizéd pilot injection profile was established by studying the overall affects of: i) start
of pilot injection; ii) start of main injection, and iii) mass of fuel in th—e'-t;ilot. This dual
injection principle was also tested at maximum engine speed and torque (2800 RPM,

full load) conditions. The predicted results for all three fuels are very encouraging and

show that engine performance and combustion characteristics can both be improved.
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CHAPTER 10

ENGINE/FUEL INTERACTION .

A J

10.1 OVERVIEW

One of the R&D objectives was to pred&tt and analyze engine performance and
combustion characteristics when operating on the off-specification, tar-sands deri\;ed
fuels. Thus, the sub e@els in the simulation program were developed to represent both -
engine and fuel properties. Although the physical and chemical processes occurring
in an eng_ine cylindér are too complex to model exactly, the simulation program does
reflect a number of key parameters such as gas temperature and pressure, mass of
air, availability of air and fuel, fuel composition, cetane number and density, etc., and i
thus allows fuel-to-fuel comparisons to be made. Such comparisons provide a first

significant step towards understanding some of the subtleties of engine/fuel interaction.

In this chapter, comparison of a number of thermodynamic and combustion

parameters, as a function of the three test fuels, are presented.

10.2 COMBUSTION PHASE ANALYSIS

—

During the cycle, simulation of compression, expansion and the gas exchange
processes are only indirectly related to fuel properties.  Basically, engine/fuel inter-
action directly occurs only from the 'st'a.rt of fuel injection to the end of combustion.
However, as was shown in Part I, maximum cylinder pressure rates or combustion knock
occurs during the onset 6f combustion while main combustion controls engine perfor-
mance. For this study, engine operating conditions were ::hosen at nominal settings of

2200 RPM, full load and 2200 RPM, 200 ft.lbs. brake torque. The initial conditions

3
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used in the simulations are based on actual experimental data for each fuel and engine

operating point.

10.2.1 CYLINDER TEMPERATURE AND PRESSURE CORRELATION

Comprehensive insight into engine/fuel interaction can be gained from a direct
comparison of cylinder temperature and pressure for each of the three fuels under the
" same initial operating conditions. Figure 10.1 plots cylinder temperature and pressure
for the three fuels at full load operating Lcondi‘cions. Iz could he noted that the discon-
tinuities in the curves correlate with the period of rapid (earlywor onset-of ) combustion.
For Fuel 4, onset of combustion occurs between Fuels 1 and 3, contrary to their cetane
number order. However, Fuel 4 does result in the highest cylinder temperatures and
pressures. Further, while temperatures remain ordered, the pressure curves of Fuels
1 and 3 cross during main combustion. On the other hand, at part load (Fig. 10.2),

Fuels 3 and 4 are almost indistinguishable and remain ordered throughout the cycle.

Some of these subtle differences can also be noted in the experimental data.

[4

10.2.2 PRESSURE RATE AND MASS BURNING RATE CORRELATION

Predicted cylinder pressure rates for the three fuels at 2200 RPM are shown in
Figure 10‘.3 for full load and part load operation. These figures show the instantaneous
pressure rate calculated every 1°C A over the complete compression and expansion cy-
cle. .Without combustion, the motored rate curves are near symmetric about TDC.
YVith combustion, the pressure rates show a similar character in that the maximum
i)eak occurs immediately after ignition. Comparisons from fuel to fuel show that the

maximum rates are significantly higher with lower cetane fuels at the same operating

loads. Likewise, rates are significantly higher at part load for all fuels tested.
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Fuel mass burning rates calculated by the simulation program at the corre-
sponding operating conditions are presented in Figure 10.4. Though similar to cylinder
pressure rates, théy do represent a more fundamental form of data. Both at full and
p.é.rt. load operation mass burning rates have two pea.ks The first peak starts at the‘
start of 1gn1t10n and rapidly-increases to its maximum value due to the initial reaction
rate controlled combustion_. It also drops quickly when the premixed, fuel/air mixture,
which accumulated during the ignition delay period, is consumed by the reaction. The
main body, inéorporating the second peak, is diffusion co_ntrolled combustion. S Ttis

clear that reaction rate controlled combustion affects cylinder pressure rates or combus-
tion knock while fuel-air diffusion rate affects maximum cyhnder pressures and engine

performance.

At a given operating point, the mass burning rates for all fuels are remariably
similar with the low cetane fuels giving slightly higher initial peaks which correspond
with the higher pressure rates encountered.  However, comparing with Figure 10.3,
it is clear that the correlation between mass burning rate and cylinder pressure rate
is not linear and further, high mass burning rates during main combustion (diffusion

controlled) do not give rise to high cylinder pressure rates.

.Low load operation, when compared with f‘l'lll load, always gives higher reaction
rate controlled peé.ks with lowl diffusion rate controlled peaks. This is opposite to that
desired for good combustion characteristics and thermal efficiency. In general, it is
desirable to have low initial peaks and high diffusion controlled mass bﬁrning rate peaks

with a minimum of tail combustion.

© 710.2.3 IGNITION DELAY CORRELATION

The ignition delay model was developed and evaluated in Chapter 3 together

with an investigation of the controlling parameters (Fig. 3.2 and Table 3-3). Thus far
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in this section, fuel-to-fuel comparisons of the ¢ylinder gas temperature and pressure,

pressure rates and mass burning rates have been made. The cause of many of the

differences has not been explained but can be related to ignition delay itself. . Figure

10.5 plots ignition delay for the three fuels at full and part operation. As was noted

~earlier (and also from the experimental data), Fuel 4 produces shorter ignition delays

than Fuel 3 at full load, contrary to their 5eta.ne numbers. Also, part load olpurullinu

gives rise to significantly longer delay periods and thus higher initial mass burning rates

resulting in a ‘rougher’ combustion.

Table 10-1 lists the ignition delay and numerical values of the controlling pa-

rameters.

allows interpretation of the ignition delay behavior.

-TABLE 10-1

IGNITION DELAY AND CONTROLLING PARAMETERS

2200 RPM, FULL AND PART LOADS

This data, together with the sensitivity study conducted in Chapter 3,

> § " EFFECTING PARAMETER IGNITIONI
o e
5521 CETANE | CYL. PRESSURE | CYL. TEMPERAT F/A DELAY
% 2| rurLs | NUMBER | AT INJECTION AT INJECTION RATIO .
R (ATM, abs.) (°K) -
q g |FUEL 1 46 47 38.8 968.8 0.0456 8.0
[a9)
=%
EC’ FUEL 3 36.9 38.3 979.4 0.0468 8.9
B .
= ™| FUEL 4 35.9 39.3 982.3 0.0438 B.¢
q z|FUEL 1 46.7 37.8 1003.9 0.0266 3.5
[aN
m .
EO FUEL 3 36.9 38.2 1007.2 0.0263 10.7
o
N
E” PUEL 4 35.9 37.8 1007.9 0.0272 10.23
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Table 10-1 shows that at full load, it is the fuel/air ratio, not temperature,
pressure or cetane number, which dominates the relative ignition delay periods between
Fuels 3 and 4. Likewise, at.i)a.rt load, it is again tl}e fuel/air ratio which accounts
for the longer delay periods over full load operation. It is also interesting to view the
temperature and pressure trends, at the start of injection,‘ for the three fuels. Figures

10.6 and 10.7 plot this data as a function of engine speed for full and part loads.

10.3 PRODUCTS OF COMBUSTION

~-

The hydrocarbon fuel combustion model was developed in Chapter 5. Mass
and energy conservation equatjons were applied together with seven eq.uilibriurn re-
actions reéulting in elevemr products of combustion. Including excess air, they are
classified as major Rroducts: Og,iNz, CO3, H20, and minor products: CO, Hy, OH, O,
H, NO, CHy, according to their mole concentrations. Equilibrium state was assumed
at each calculation step in order to determine the mole concentrations for each chem-
- jcal species at the instanzaneous cylinder temperature and pressu;e. The concept of - |
total enthalpy was used instead of heating value, together with heat transfer and work
enérgy, to balance the total energy in the é:ystem befc;re and after chemical reaction.
This feature enables the rr‘lodel to predict combustion products as a function of not
only thermodynamic state (gas temperature and pressure), but also hydrocarbon fuel

properties suc¢h as the hydrogen/carbon ratio and density.

This ;;reliminary study is pefformed at 2200 RPM, full load operating conditions
for the three fuels. During the combustion period, i.e. from start of ignition to exhaust
valve opening, the volume percentages of each product are calculated for the three fuels
uf;der the same initial conditions. Figure 10.8 shows the calculated volume percentages
. -of the reaction products versus crank angle positiqn for the three fuels._' |

The major combustion products, CO; and H20, accumulate while the hydro-
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carbon fuel is éonsunﬁed and— réach their maximum values at the point of blowdown.
On the other hand, the minor species: CO, Hy, OH, O, H and NO reach a maxi- -
mum at about 15°C A aTDC in accord with cylinder gas temperatures. . ‘Based on the
a.s'sumed chemical equilibrium throughout the cycle, dissociation of the minar specics
occurs during expansion to the point of blowdown. Of ther minor species, VO has the
highest velume percentage followed by OH, CO, O, H,, and H The concentration of
CH4 was determined to be in the order of 16l3°. Also, Fuel 4 p‘rod._uces the highest

concentrations of minor species in the exhaust gases, followed by Fuel 3 and Fuel 1.

Tables 10-2 and 10-3 present the maximum values reached and the values at
blowdown of the product concentrations in the cylinder respectively (again, CH; is-
neglected and excess air, Oy and Nz, is not of interest). The maximum volume
percentage values of Fuel 3 minor products increased by 4 — 18% relative to Fuel 1

while those of Fuel 4 increased substantially by 15 — 70%. This is, in part, due to

‘the higher cylinder temperatures of Fuel 3 (2152°K) and Fuel 4 (2196°K) compared

with that of Fuel 1 (2134°K). At blowdown, the volume percentages of Fuel 3 minor
products increased by 9-33% relative to that of Fuel 1 ywhile those of Fuel 4 increased by ‘.
31-176%. Again, temperatures at blowdown are: Fuel 1 (1199°K), Fuel 3 (1312°K)
and Fue] 4 (1344°K).

'10.4 EFFICIENCY AND FUEL CONSUMPTION

Indicated therma.-l efficiency (n¢) and indicated specific fuel consumption (ISFC)
are two parameters that can be used to assess diesel engine ;ierformince regardless of
engine size and type.. The general simulation program was used to predict these two
parameters over the complete engine operating range. Figures 10.9 and 10.10 plot the

maps for each of the fuels.

" From fuel to fuel, the maps do not show any-significant difference since n,

.
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and ISFC basically depend on the main combustion process which is similar for each
of the fuels. As analyzed in previous sections, fuel"proper'ties strongly affect the
early combustion phase such as ignition delay and pressure rates, however, the early
combustion pefiod does not significantly affect engine performance even if very high

pressure rates are encountered.
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CHAPTER 11

ENGINE PERFORMANCE

11.1 OVERVIEW

The thermodynamic and combustion model, developed in Part I, was shown to
simulate performa.nce-, combustion characteristics and ttends of the 6V53T engine with
" considerable accuracy. Thus, the simulation program can play an important role in
assessing the effects of basic engine design modifications and in guiding experimental
investigations. Such parametric studies can not only save considerable time and costs
for research and development but also quickly identify possible‘sol__utions as well as
bossiblé problems that could arise from engine design modifications. Thus, optimal

solutions can be seaXhed analytically which would not likels-r be found experimentally.

Ty

In this chapter, an engine, performance study is conducted. Standard engine
parameters are varied so as to assess their effect on engine rated power. The study is

conducted at 2800 RPM, full load using Fuel 1.
. ‘

'3 - .
11.2 INDIVIDUAL PARAMETER EFFECTS \

Fi‘ve basic design parameters were studied so as to see theia‘\effects on the 6V53T

engine power output and their corresponding effects on the combustion characteristics
" (eylinder pressure and pressure rai:e). The parameters al'-e: i) engine design related:
fuel injection timing (¢ f_,-) and compression ratio (CR); ii) initial charge related: airbox
temperature (Ty) or intercooler gffects and albox pressure (Py;) or turbo-boost effects

"and iii) fuel property related: fuel cetane number (CN). In gex;eral, it, is of interest to

increase both engine rated power and thermal efficiency while maintaining accéptable
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levels of pressure rate and cylinder pressure. j_,\

y

11.2.1 ENGINE DESIGN PARAMETERS | ~

At 2800 RPM, full load, the nominal start of fuel injection is at 18.4°C A beflore
TDC. Keeping the fuel injection profile unchanged together with all operating condi-
tions (i.e., Py, Tse, CR, FA, etc.), injection timing was varied by £6°C# about the
nominal setting. Figure 11.1 plots the effect of injection timing on engine power and

thermal efficiency and on maximum cylinder gas pressure and pressure rate,

As expected, all parameters increase with earlier injection timing. Though not
linear, increases are approximately in the order of: 2.8 HP/°C A for IHP, 0.33%/°C A
for m¢, 42 psi/°C A for Prgz and 6 psi/°CA for DPmaz. It could be noted that at high

speed, high load operation, pressure rates are not a problem, thus an increase in rated -

- engine performance is limited by maximum cylinder pressures.  Assuming cylinder
pressures can be pushed to about 1900 psia, then injection timing can be shifted to

22°C A before TDC with a corresponding increase in IHP of 9.5 HP (= 3%).

T -

. . . o~ e .
The effect of engine compression ratio on the parametérs of interest is shown

in Figure 11.2.  All parameters increase with increasing compression ratio.  Again,

assuming a maximum cylinder pressure of 1900 psia, C R can be increased to about 18.6'

with a corresponding increase in IHP of 7.0 HP (~ 2.2%).

11.2.2 INITIAL CHARGE PARAMETERS

L]

s

Variation of airbox temperature (7,s) can be considered as an intercooler effect
on the engine parameters. As is well established, intercooling has a significant effect

"on engine performance while only slightly increasing cylinder pressures (Fig. 11.3).



. _ “b )

Indeed, for the temperature range studied (Ts reduced by 40 °C to 96 °C), engine IHP

increases by aboutj] 12.0 HP (=~ 3“.‘5{%) with maximum cylinder pressures remaining
S

~

below 1800 psia. |

o

of
Figure 11.4 shows the effect of turboboost or airbox pressure (P,) on the engine
parameters. As with decreasing airbox temperature, increasing airbox pressure has
the effect of increasing cylinder trapped air mass. However, increasing airbox pressure
is clearly not as effective as intercooling in that cylinder pressures are increasing more
quickly relative to engine power. Indeed, only about 3 IHP can be gained. below

cylinder pressures of 1800 psia whereas intercooling will yield over a 12 IHP increase.

11.2.3 FUEL CETANE NUMBER

v

* The fuel parameter ofopa.rticula.r interest is that of cetane number (CN). ‘Fig-
ure 11.5 shows the effect of CN on the engine parameters. The plot clearly shows
that fuel cetane number has little effect on engine performance or maximum cylinder

pressure in that only pressure rate shows significant variation.  This behavior was

also documented experimentally. It is also clear that low cetane fuels can be used in -

diesel engines provided the high ‘pressure rates encountered during initial or onset of
\ - >

combustion can be either tolerated or controlled.

11.3 INTEGRATED PARAMETER EFFECTS

In this section, the integrated effects of injection timing, intercooler tempera-
ture, turbo-boost pressure, and compression ratio on the 6V53T engine indicated horse-
power IHP, indicated thermal efficiency n;, ignition delay ¢;, maximum cylinder pressure

Prgz and maximum pressure rate D Pp,; are studied. Again, the operating condition
. : ™

L‘n

A

’
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was chosen at engine rated output, 2800 RPM, full load, with Fuel 1.

11.:I3.1 INJECTION TIMING AND INTERCOOQLER

At 2800 RPM, fulk load, the nominal start of injection is 18.4 degrees before
TDC and airbox temperature is 136°C for Fuel 1. Injection timing and airbox tem-
perature are varied about these nominal values and the integrated effect on engine
performance is—laiotted in_ Figure 11.6 (a and b) while Figure 11.7 (a,b and ¢) shows
their effect on the combustion parameters. : (

From a study af-the plots, engine performance can be improved by reducing
airbox temperature iﬁ‘og?tﬁer with earlier injection timing. Again, using a maximum
cylinder pressure of 1900 psia, from Figure 11.7b,-iﬁjection tim'ing could be set at
21.1°CA bTDC with T = 96°C. By so doing, from Figure 11.6a, power could: be

increased by about 20 IHP or about 6.3%. J v

&

11.3.2 INJECTION TIMING AND TURBO-BOOST

The combined effects of injection timing and‘ turbo-boost or airbox pressufe on -
engine performance and cylinder thermodynamic state are p.resented in Figﬁreé 11.8 (a
and b) and 11.9 (a,b and ¢). A study of the plots reveals that the combination of
injection timing and turbo-boost offers little or no advantage over turbo-boost alone,
the latter having the advantage of lower. pressure rates.  Again, using a 1900 psia
ceiling, the maximum engine power increase that can be gained by any combination of

the two variables is less than 10 IHP (=~ 3.1%).
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" 11.3.3 INJECTION TIMING AND COMPRESSION RATIO

Figures 11.10 (a and b) and 11.11 (a,b and c¢) show the combined effects of
injection timing and compression ratio on the engine p'a.rameters. As with timing
and turbo-boost, timing and compression ratio do not provide any integrated positive
effects.  Again, power improvements are limited to about 10 IHP and this is best

achieved through earlier injection timing alone.

11.3.4 MASS OF FUEL INJECTED AND INTERCOOLER

It could be noted that intercooling or lowering T,; increases the mass of air
trapped in the cylinder. Thus, it follows that more fuel coul;i also be injected con-
current with intercooling and yet retain the thermal efficiencies of the engine.  This
cémbination is presented in Figures 1-1.12_ and 11.13. For the study, increases in Tuel
mass was accomplished through increases in injection rate, both timing"and injection

duration were held constant.

IFrom the figures, it is clear that this is a very effective combination for increasing
engine rated power. = Indeed, it is projected that by reducing airbox temperature by

40°C (from'136°C t0 96°C) and increasing fuel mass by about 12% to 63.9 mm?®/cylinder

- would result in an engine output of about 360 IHP. (~ 12% increase) without any loss

in thermal efficiency. Fugther, maximum cylinder ‘pressures only increase marginally

to about 1837 psia. Allowing one percentage drop in efficiency (from 39.3% to-38:3%),

engine powér can be boosted to just over 375 ITHP with.maximum cylinder pressures in

.

the order of 1863 psia.
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CHAPTER 12

COMBUSTION KNOCK AND CONTROL

12.1 OVERVIEW

One of the key objectives of this current research project is to search for possible
’solutions for the 6V33T engine when operating on the low cetane, tar sands derived fuels,
Experimentaliy, it was shown that these fuels give rise to diesel knock, 1.e. very high
pressure rates during onset or early combustion.  This in turn gives rise to cylinder
gas vibrations (5000-6000 Hz) and, more importantly, engine noise and component

vibrational stressing (0-2000 Hz range) were shown to correlate with pressure rates.

The simulation program developed is unique in that it reflects, with considerable
numerical accuracy, the pres%ure rates encountered during early combustion. Moreover,
pressure rate trends for each of the three fuels over the complete operating range of the
engine were shown to correlate with the experimental data. In general, the critical
pressure rate region occurs at low speed, low load operation.  For this study, 1600
RPM, 200 ft.lbs. brake torque is used and acceptable levels of pressure rate are taken

to be those measured with high quality diesel fuel, namely, Fuel 1.

In this chapter, pressure rate control when using Fuels 3 and 4 will be studied.
Initially, standard engine variables will be examined followed by a study of 'staged’ fucl

injection.
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12.2 ANALYSIS WITH STANDARD ENGINE PARAMETERS
~ . ' .

Pressure rate control using the standard engine variables, namely: compression
ratio, injection timing, airbox temperature and airbox pressure is shown in Figures 12.1
' through 12.4 respectively, together with thei;' corresponding effects on engine perfor-
mance, for each of the three fuels. At the test point (1600 RPM, 200 ft.lbs. brake

torque), the nominal values of the variables, from experimental data, are:

compression ratio  — 17.5

injection timing — 13.2°CA bTDC
. airbox temperature — 44.9°C

airbox pressure — 17.7 psta.

In this critical operating region, pressure rates encountered at the nominal
settings are for Fuel 1 = 254 psi/°C A, Fuel 3 = 355 ps.:'/°CA and Fuel 4= 367 psi/°C A.
Thus, the objective is to bring the rates for Fuels 3 & 4 in the order of 250 psi/°C A as

for Fuel 1.

S
From a study of the figures, it is clear that within reasonable ranges of the

variables, only compression ratio and injection timing hold the potential of reducing the
pressure rates of Fuels 3 & 4 to Fuel 1 levels. In this regard, it is projected that either
a compression ratio in the order of 16 or delayed injection timing to about 8°CA bTDC
will accomplish the pressure ra.tehobjective. However, both alterations are accompanied

by significant losses in engine indicated thermal efficiency.

-

Of the two approaches, injection timing is the most attractive, especially if
electronic injectors and combustion knock sensing is used. In this way, performance
losses could be minimized in the high pressure rate operating region together with
performance improvements outside this region as rec_dl"ded in Section 11.2.1. Further,
knock sensing would improve the multi-fuel capability of the engine since changes to

the timing logic should not be required for different cetane fuels.



/

It could also be noted that intercooling does produce a desirable effect in this
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region. While engine power and efficiency increase \lvith decreasing airbox tempefnture,
cylinder pressures and pressure rates remain largely unchanged. This insensitivity of
pressure rate to airbox temperature was not expected. Thus, a set of experiments’
were run on the engine using Fuel 3 (in cylinder No. 1 only). While the experiments
were conducted at 1600 RPM, 200 ft.Ibs. brake torque, they did not exactly duplicate
the model simulation. However, for a 20°C reduction in airbox temperature, pressure
rates increased by only 19psi/°C A on average alth@ﬁgh the standard deviation at both
temperatures was in the order of 30pst/°C 4. Likewise, the difference of the average
maximum cylinder pressure was also within the standard deviation.  Thus, the pre-
dicted insensitivity of pressure rates and maximum cylinder pressures in this operating
region is clearly confirmed. In Chapter 11, intercooling was also found to be the single

most desirable variable for engine performance improvements.
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12.3 ANALYSIS WITH STAGED INJECTION | ~

-

12.3.1 OVERVIEW

Combus.tion knock and high_ pressure rates, as interpreted by the model, are a
direct result of the chemical reaction rate and mass of the accumulated fuel/air mixture
in the cylinder at the start of combustion. These, in turnyare a function of a number
of parameters, significant among which are gas temperature, fuel quality and the rate of
fuel injec;tion.~-{,-ogically, the most direct way to control the mass of accumulated fuel
| is to control the rate of fuel injectior}. In practice, fuel injection rate control is difficuit
té achieve; however, multiple or staged injection can provide rate control together with

easier implementation.

In this study, a two stage injection profile {pilot plus main) is evaluated. The
objective is te optimize the timing, fuel masses and rates of the profile so as.to a.ch.ieve
ai:cep'table' pressure rates with Fuels 3 & 4 without loss of engine efficiency or rated
engine performance. As before, the 1600 RPM, 200 ft.lbs. brake torque teét point is
used for pressure rate evaluation while 2800 RPM, full torque is used to evaluate engine
rated power.  All parameters at the test points are held identical to the standard

equipment test, including the total mass of fuel injected, the only variable being the

injection rate profile itself. /
. . : i
12.3.2 PROFILE EVALUATION \\
Figure 12.5 shows a typical two-stage injection profile. For the analytical

study, a computer subroutine was used to vary the profile while maintaining the total
mass of fuel injected.  The variables are:
a) start point of pilot injection,

b)  duration and rate of the pilot injection,
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¢) start point of main injection, and

d) the maximum rate of main injection.

Further, during main injection the increase in rate was set at 1.6 mm3/°C A.

4.8 - 4.0

3 - BVS3T TWO STROKE DIESEL o
W, ol ENGINE SPEED=1600 RPM | i
S | PART LOAD. FUEL #3 A
z3-2f ~
2
= - L1l
~ i 1! R
e i pnd
=1.6 e | \ . : (D
D . . . t o
0.8+ ‘ | o
= i ! | -
s ! b :
0.0 L -l TR0 G SR S _L‘,l.,TlLllf._ L - 2100
-26 -22 -18 -14 -10 -b -2 2 &

CRANK ANGLE (DEGREE)

Fig. 12.5: Typical Two Stage Injection Profile
At 1600 RPM, Part Load.

Figures 12.6, 12.7 and 12.8 are typical and show the effect of pilot injection

timing, main injection timing and mass of fuel in the pilot on the engine performance

and combustion parameters.  These plots are based on the profile shown in Fig. .12.5
where, for Figure 12.6 only pilot timing is varied, for Figure 12.7 only main injection
timing is varied and for Figure 12.8 ~ only profile durations are varied. From the plots,
it is clear that two stage injection can reduce pressure rates to very low :/alues but not

without an attendant loss in engine power or thermal efficiency.
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Thus, it is desirable not to reduce pressure rates below that associated with

Fuel 1. From al] data, the profile selected is as follows:

i)  Start of Pilot Injection — 20°CA bTDC

ii)  Duration of Pilot Injection — 1°CA

iii) Rate of Pilot Injection — 1.6 mm3/°CA

iv) Start of Main Injection — 12°CA bTDC

v)  Rate of Main Injection — 2.4 mm3/°CA (similar

to the mechanical injector)

[}

This profile reduces the pressure rate of Fuel 3 to slightly lower than that of
Fuel 1 (standard equipment). Further, the study was repeza.ted with Fuel 4 without

any significant variations in results. A

12.4 EFFECT ON ENGINE PERFORMANCE

12.4.1 INJECTION PROFILE AT RATED POWER

To evaluate the effect two-stage injection may have on engine rated power, the
above study was repeated, for all three fuels, at 2800 RPM, full load. Figure 12.9
gives the injection profile while Figures 12.10, 12.11 and 12.12 show the effect of pilot

injection timing, main injection timing and pilot fuel mass on the engine parameters.

From Fig. 12.10, pilot injection timing has virtually no effect on eﬁgine power,
thermal efficiency or maximum cylinder pressure at 2800 RPM, full load. Altﬁough
pressure rates at this engine setting are low, smoother combustion does result at a
pilot injection timing of about 22°C A bTDC. Main injection timing (Fig. 12.11) is '
established by maximum cylinder pressure; here, to hollél pressures in the order of 1800
psia, main injection timing was selected at 14°C A bTDC. The mass of fuel in the

“

pilot is not a critical parameter (Fig. 12.12). Thus, it was taken identical to that
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established in the above pressure rate control study.

Comparing Figures 12.5.and 12.9 it is interesting to note, for these twc‘) extreme
operating positions of the engine, fhat the pilot can be held cons}.ant;.- That is, its
rate and duration (i.e. pilot fuel mass) and its relative locaéion to main injection timing
remain unchanged. Alternatively, since the pilot timing was not critical at 2800 RPM,
pilot timing could be held constant at 20°C 4 bTDC. This should simplify the design
of a dual injection system. Also, main injection timing has changed very little (2°QA

earlier at 2800 RPM).

4,8 T — 4.0
3 : oVO3T TWO STROKE DIESEL o
34_0 . ENGINE SPEED=2800 RPM. | g
~ FULL LOAD. FUEL #3 ~
f:? - Cf g -13.0 ©
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"f J
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<< i M o
m m
; =z
=Z1.6¢+ 2 O
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Fig. 12.9: Typical Two Stage Inj
At 2800 RPM, Full Load.
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e
* 12.4.2 PERFORMANCE COMPARISON

Using the fuel 'm'j;ctior; profiles determined for 1600 RPM, 200 ft.lb. torque \
and for 2800 RPM, full load, the ‘thermodynamic and combustion model was used to
simulate the 6V53T engine performance and combustion characteristics with the three
fuels.  These two partjcular engine operating points, as stated above, are the two
extremes.for combustion knock and engine performance respectively, To numerically
examine the engine- fuel interaction, the cylinder gas thermodynamic state (maximum
pressu;e rate and maximum ﬁressure) and the engine output performance (indicaae? -
horsepower and thermal efficiency) were generated from both fuel injection profiles,
namely, the proposed dual injection profile and the standard GM injection profile. The
results are presented in Table 12.1. |

J

- -~ From the tabulated data, it appears that the dual injection system devised can
reduce the pressure rates for the low cetane Fuels 3 & 4 to within that measured with

Fuel 1 (standard injec;LQn system). Further, the dual injection system should retain

rated engine power without any significant increases in maximum cylinder pressures.

w
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. CHAPTER 13

CONCLUSIONS .

'

The Part 11 of this thesis focused on the analytical investigation of the 6V33T
engine burning off-specification low cetane fuels using the simulation model developed in
Part I.  As such, the results should be seen not as absolute truths, although acturacy

of the simulation was shown in Chapter ::), but rather as a direction and focus for

)
- L

The engine/fucl fntcr%tion studies provided considerable i‘r;;;g—};i!into the behav-
ior of the off-specification fuels.  Interpreting engine/fuel behavior and in particular
ignition delay and combustion in general provided a foundation for the performarnce
and pressure rate analyses that followed. From these analyses, the salient conclusions

reached are as follows: L

*
i

1. Heating the intake air in the high pressure rate region-(i.c. low speed, low load)
does not produce the desired effect of improving combustion and hence reducing

pressure rates. . Indeed, from the simulation program, the integrated effect of

trapped air mass, ignition delay, fuel-air mixing rate and reaction rate resulting
»

! from heating intake air leaves pressure rates and maximum cylinder pressures

largely unchanged. Hence, it is recommended that this planned experimental

program not be executed.

2. Tuned injection timing was seen to be more effective than increasing compression

e

ratio or turbo-boost for improving engine performance. However, intercooling
was seen as the single most promising parameter for improved engine performance.
Moderately significant gains (est. at 12 IHP) can be had without significant in-
creases in maximum cylinder prmures? + Also, intercooling was seen to provide

positive benefits in the high pressure rate engine operating region. Further, in-

tercooling combined with increased fuel injection was seen to be very attractive”
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providing possible increases in the order of 40-55 IHP with cylinder pressures

in the order of 1840-1860 psia. = This could be readily accomplished with an
)

_electronic injector.

3. Of the standard engine.variables, Ainjection timing was seen to be the e
attractive approach for controlling the high pressure rates associated with the off-
specification low-cetane fuels. In this regard, it was projécted that retarding
injection timing to about 8°C A bTDC in the;-1600 RPM, 200 ft.lbs. operating re-
gion would reduce the pressure rates of Fuels 3 & 4 to the level of Fuel 1. However,
losses in engine performance and thermal efficiency also result. » Implementin‘g
this approach with electronic injection and a combustion knock sensor would min-
irflize losses in th‘e\llig}f/ﬁ:‘assure rate region and should result in gains outside

this region. Also, it would\considerably improve the multi-fuel capability of the

engine.

4. Dual injection was seen to offer the best solution to burning the off-specification
fuels. It was’ projfacted"that pressure rates could be reduced to equal or better
than that of high quality fuel (Fuel 1) without any significant losses in thermal
efficiency. Further, engine performance and rated engine power shbﬁ!d not suffer

"and indeed may increase slightly. Also, the optimized dual injection profile
established allows for easy implementation in that the “pilot” remains fixed relative
to “main” injection. |

' »
Based on this analysis, it is recommended that the experimental program focus

on injection timing, dual injection and intercooling. o
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APPENDIX A

LITERATURE SURVEY OF IGNITION DELAY MODELS

A number of papers have been published on ignition delay in compression igni-

tion engines. The following is a list of the models investigated .

1) Model of Wolfer [14]:

Delay = 6V x 107%{0.44 exp(40)/ P10}, (oca)
T — Temperature at start of injection (K)
P — Pressure at start of injection {atm)
N -~ Engine speed (RPM)

2) Model of Rogener [15]:.

Delay = 6N x 1073{8.1 x 10~% exp(15100/T)/ P0-%°
+0.5 x 10° exp(—1400/T)/P'82} | (°CA)

T — Temperature at start of injection (K)
P — Pressure at start. of injection (atm)
N — Engine speed (RPM)

3) Model of Sitkei [16]:

Delay = 6.V x 1073{0.5+0.135 exp(ZE2) - P~%7 + 4.8 exp( ER) P15} | (°CA)
T — Temperature at start of injection (K)

P — Pressure at start of injection (atm)
N — Engine speed {(RPM)
R —  Universal gas constant (R =8.314 Kj/Kg — mole °K)
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4) Model of Henein and-Bolt [ﬁ]

Delay = 6N x 1073{C/P"} , (°C 4)
P — Pressure at start of injection (psia)
N — Engine speed (RPM)
n — 0.271 when C = 8.85 for West engine
n — 0.411 when C = 32.4 for Tsao engine

5) Model of Faeth and Olson [19]:

Delay = 6N 'x 10715{0.916 P~%57¢=1.04 gxp (383201} | (°C A)
T — Temperature at start of injection (R)
P — Pressure at start of injection'(atm)
N — Engine speed (RPM)
¢ — Equivglence ratio

-6) Model of Hardenberg and Tiase [20]:

Delay = (0.36 + 0.22M P S) - exp {EA(R-Tm-lc'R=-I - 1r55)

+{p 21;2_12.4)0.53} , (°CA)

Ey — 'g'l;g%-iz% (J/mole)

MPS—  Mean pistor speed {m/s)

Tm —  Absolute temperature in intake manifold (K)
P —  Absolute pressure in intdke manifold (bar)
CR —  Compression ratio .

R — Universal gas constant (R = 8314J/mole °K)
c —  Polytropic exponent of compréssion

/
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7) Model of Pederson and Qvale {21}:

Delay = 0.00642 - exp [255act | . [§22E4 4 0.78]. -

1.77 =0.17
d 0.74-.T w
[aru!] ) [1.74 - TP‘,MIP] ) [Wuf]

Delay—  Physical ignition delay (ms)

Ta — Air temperature (K)

Py —  Air pressure (abs. atm)

Tr —  Fuel droplet initial temprature (K)
W — Droplet initial velocity (m/s)

d — Droplet diameter (um)

Tpre— 823K
Pyrc~ 34 abs. atm
dref — 25 um
Weer — éOO m/s
Trre— 293K





