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Heat Release in a Direct Fuel Injection SI Two-Stroke Engine

Abstract: The paper presents a new method of determination of heat release rate on the base of experimental
test in a two-stroke engine with direct gasoline injection. The target of the work was achieving of information
about implementation of approximated Viebe function in mathematical models and simulation computer
programs of a combustion process in spark ignition two-stroke engine with direct fuel injection due to the lack of
such data in the literature. The energy balance equations were derived in oeder todetermine of heat release rate
on the base of pressure measurements in the cylinder and change of the cylinder volume in the function of angle
of crankshaft rotation. The paper presents several examples of heat release and approximate function, for
which variable coefficients of Viebe function were determined for certain rotational speeds at wide openning
throttle. Pressure measurements were carried out on the engine Robin ECI2 wit capacity 115 cm3.
Determination of heat release and burned fuel rate was calculated by means of own computer program. The
paper also presents the method of determination of variable specific heat coefficients in the function of
crankshaft rotation, which are also used in modeling of the engine processes.
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Wydzielanie ciepta w w dwusuwowym silniku ZI z bezposrednim wtryskiem paliwa

Streszczenie: Artykut przedstawia nowy sposob okreslenia wydzielania sie ciepta na podstawie badan
eksperymentalnych pomiaru cisnien w dwusuwowym silniku ZI z bezposrednim wtryskiem benzyny. Celem pracy
byto otrzymanie informacji o implementacji aproksymowanej funkcji Wiebe w modelach matematycznych i
programach symulacyjnych procesu spalania w dwusuwowym silniku o zaptonie iskrowym z bezpoSrednim
wtryskiem paliwa z powodu braku takich danych w literaturze. Wyprowadzono réwnania bilansu energii celem
okreslenia wydzielania sie ciepta na podstawie pomiardéw cisnienia oraz zmiany objetosci cylindra w funkcji
kqta obrotu watu korbowego. Przedstawiono kilka przyktadow wydzielania sie ciepta oraz aproksymowanych
funkcji, dla ktorych okreslono zmienne wspotczynniki Wiebe dla wybranych predkosci obrotowych i petnego
otwarcia przepustnicy. Badania pomiaru cisnien w cylindrze zostaly przeprowadzone na silniku Robin ECI2 o
pojemnosci skokowej 115 cm’. Okreslenie wydzielania sie ciepta i stopnia spalania paliwa byto obliczane za
pomocq wiasnego programu komputerowego. Artykul przedstawia rowniez sposob okreslenia zmiennych
wspotczynnikow ciepet wtasciwych w funkcji obrotu watu korbowego, ktore rowniez sq wykorzystywane w
modelowaniu procesow silnikowych.

Stowa kluczowe: transport, silniki dwusuwowe, bezposredni wtrysk paliwa, wydzielanie sie ciepta

1. Introduction

Process of heat release in internal combustion
engines is one of the most important factors influ-
encing on engine work parameters and exhaust gas
emission. Very fast combustion process leads to
rapid increase of cylinder pressure and temperature
and is the main reason of a big NOx emission.
Sometimes this phenomenon is the reason of com-
bustion knocking in spark ignition engines. How-
ever, short time of fuel burning leads to obtain a
higher power and higher total efficiency. The main
problem of conventional loop scavenged two-stroke
spark ignition engines is a big hydrocarbon emis-
sion and big specific fuel consumption caused by
escaping of a part fuel mixture to the exhaust port
during scavenge process. The charge in the cylinder
before the ignition consists in almost 30% of resid-
ual gases from the previous work cycle. Most of
burnt gases occupy the space near the exhaust port.
It is caused by fresh fuel-air mixture flow from the

transfer ports. Usually the space near the spark plug
is fulfilled by fresh mixture and there is no problem
with the ignition of the charge. The new fuelling
system of two-stroke engine was worked out by the
authors in Cracow University of Technology in
order to eliminate their basic faults and imperfec-
tions. The high pressure direct fuel injection system
was applied to the industrial small capacity (115
cm3) two-stroke engine Robin EC12 from Fuji
Heavy Industries. Applying of direct fuel injection
decreased both specific fuel consumption and hy-
drocarbon emission. The research work carried out
by authors on small capacity two-stroke engine
with direct fuel injection is one of the first in Po-
land. Recently most research work for analyzing of
different engine systems is carried out computer by
computer simulations. Simulation of combustion
process in O-dimensional model requires verified
model of heat release. In the world literature one
cannot find such model for two-stroke engine with
direct fuel injection. Therefore much work was
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concerned to find an approximation Vibe function
for full loads and rotational speed of tested engine.

2. Direct fuel injection in 2-stroke engine

In the world only one industrial application of di-
rect fuel injection in outboards high power multi-
cylinder two-stroke engines from Mercury Marine
(in marine boats) is known. The main advantages of
applying of such engines are compactness, high unit
power, lightness and possibility of working in dif-
ferent position. There are many small two-wheel
and three wheel vehicles driven by carburetted two-
stroke engines in the world. Limitation of exhaust
gas emission and fuel consumption of such engines
is a main object of recent research works concern-
ing such engines. The goal of the author’s work was
to define the injector position in the combustion
chamber with regard of the air-fuel mixture motion
and orientation of fuel spray and determination of
these factors on the combustion process and ex-
haust gas emission. Such relations could be simply
done by CFD simulations by different injector ori-
entation in the combustion chamber. For that case
KIVA3V program was used as common tools for
solving combustion and fuel injection problems in
internal combustion engines. The fundamental goal
of the work was determination of following aspects:

- influence of the injector location in respect to
possible ignition of the air-fuel mixture and in-
fluence of gas motion on mixture distribution by
using CFD simulation,

- comparison of working parameters of DFI and
carburettor two-stroke engine,

- comparison of exhaust gas emission in the both
engine versions,

- decreasing of specific fuel consumption and pol-
lutants emission,

- determination of heat release rate on experimental
pressure measurements and Vibe function for
zero-dimensional models of two-stroke engines
with direct fuel injection, because such functions
are not met in literature,

- influence of fuel injection pressure on working
parameters and exhaust gas emission,

3. Heat release in DFI engine

Thermodynamic state of combustion engines is
presented widely in literature e.g. by Heywood [9],
Blair [4] and Mitianiec [16, 17]. Fluid dynamics of
fuel injection process is still under development and
was a subject of the work of Feath [7], Ghandi [8],
Ikeda [12] or Melton [15]. Combustion processes
and charge turbulence are described e.g. by Chen
and Kim [5], Spalding [20] or Higelin [11]. The
engine cylinder after closing of transfer and exhaust
ports is a close thermodynamic system. The First
Law of Thermodynamics for such closed system
states that heat delivered to the charge dQy in-

creases internal energy dU and some has been lost
through heat transfer dQ, to the cylinder walls and
coolant at the same time and work done by the
piston dW .

dQy —dQ, -dQ,,,, =dU +dW (1

The term dQ,,, can be neglected because in spark

ignition engines almost whole fuel is in vapor state
during combustion process. Increment of internal
energy in the close system is a function of incre-
ment of temperature.

dU =mc,dT )

The specific heat at constant volume c, is a function
of temperature and also of the gas properties. Dur-
ing combustion process temperature and properties
of the charge change rapidly. Thus ¢, is not a con-
stant value and should be determining every time
during measurement or calculation.

pV =mRT 3)

R

Th- @

c
After differentiation of the state equation of close
system at assumption of constant mass of charge m
and gas constant R :

pdV +Vdp = mRdT (5a)
T = pde;Vdp (5b)

After substitution to the equation of internal energy
du =PV d‘}: _I/dp 6)

Average work done on the piston during time inter-
val is:

dW = pdV 7
After substitution to the main formula (1):

pdV +Vdp

dQg —dQ. = +pdV (3)

If the combustion process had not occurred, then
the compression or expansion process would have
continued in a normal fashion. The polytrophic
process is taking place with relationship defined by:

pV" = const 9)
Vdp +npV"'dV =0 (10a)

@+npd—‘/=0 (10b)
D Vv




In imaginary process is one of non-heat addition
dQg is zero and the First Law of Thermodynamics
could be rewritten to calculate the heat loss dQ. by
substituting of formula (9) and the following de-
pendence can be written [4]:

Vz[é]n_v‘ (Vz_m){(éj +IJ (11)

+
k-1 2

On the assumption that the heat loss is the same and
continues during the combustion process the fol-
lowing equation on the heat release rate (HRR) can
be determined:

vYlv, V,-v
d = - hes 2+21] 12
Or P> P{VZJ (k—l > (12)

Rasseweiler and Withrow [21] proposed another
simpler form:

40y =1 p —p{m (kv_zlj (13)
2

Specific heat at constant volume ¢, is a function of
temperature 7" and can be determined on JANAF
Tables [13] and can be expressed as:

A
c, = A+ Azt AT+ A + A +Z—§ (14)

where z=7/1000 and coefficients of the poly-
nomial amount as follows:

A;=-0917A,=9.775 A;=-7.682A,=2.466 As=0.022

In order to determine temperature in the cylinder
during combustion process, the mass of charge
should be known. In the calculations the authors
took this value from CFD calculations of the whole
engine work cycle. The gas constant R changes
during combustion, however it is close to the gas
constant of the air. On these simple assumptions the
gas temperature can be calculated. Polytrophic
exponent n is obtained from equation (9) by meas-
ured pressure values during whole combustion

period A¢, from the state 1 and state 2 and calcu-

lated volumes at these states. Total released heat Q;,
can be determined by integration of heat release
rate at combustion period:

0, = deRda (15)

@

where index 1 signifies state 1 as the beginning of
combustion and state 2 signifies the end of combus-

tion. The current burned mass ratio x, is determined
as follows:

x, =1 (16)

In the engine theory of combustion engines the
Vibe [22] function is used for determination of
combustion process based on approximation of
measured pressure on real engines. This function is
commonly used in literature [4, 12] and research
work for analysis of combustion process in piston
engines. Vibe function in most cases takes the fol-

lowing form:
a—Q, "
x, =1—exp|a ! 17
2 p (Aahj a7)

The angle « is the current angle of crankshaft
position, ¢; is an angle of crankshaft position, when
combustion process begins, on the contrary Aoy, is
total angle of crankshaft rotation during combustion
process. The coefficients a and m are determined by
continuous change their values until the shape of
Vibe function reaches measured fuel mass burned
ratio. Vibe functions is a common used approxima-
tion function in definition of heat release rate dur-
ing combustion process and is regarded as the best
approximation function for determination of ratio of
burned fuel. It is needed in O-dimensional model
used in computer program simulations for analysis
of whole engine system. Determination of coeffi-
cients in Vibe function for verification of combus-
tion model applied in own ICE models and GT-
Power software, used in this work, was needed.

4. Experimental test

The engine was tested on the dynamometer
stand with experimental high pressure direct injec-
tion system and apparatus for measurement of ex-
haust gas emission. The experimental tests were
carried out both for standard carburetted engine and
for high pressure direct fuel injection engine. Dur-
ing experimental investigations the influence of
injection timing and fuel pressure level for different
loads and engine rotational speeds was registered.
Preliminary results of the tests showed advantages
and disadvantages of applied feeding system. The
whole two-stroke engine systems are shown in
diagram presented in Fig. 1. Fuel injection process
was fully controlled by electronic devices and com-
puter software in Labview environment. Engine
was tested for different loads at chosen rotational
speeds with modification of injection parameters
such as injection time, angle of injection advance in
relation to TDC and injection pressure. It was found
and optimal value of injection pressure between 50




and 60 bar for applied automotive injector. One of
the main task was to measure cylinder and crank-
case pressure in order to determine heat release rate
and mass burned ratio. On the base of such experi-
ment one can find an approximation Vibe function.
The method of determination of such function was
described in section 3.
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Figure 1. Diagram of two-stroke engine with direct fuel
injection system

The tests concerns also measurement of cylin-
der pressure for different loads and rotational
speeds. For that reason the piezo-optical sensor
from Optrand company was used, which was di-
rectly mounted in the wall of cylinder head. An-
other Kistler piezo-resistive sensor measured pres-
sure inside engine crankcase. All electric signals
from sensors were transformed by amplifiers to the
computer in the function of crank angle (encoder)
and variations of pressure can be performed on the
graphs.

5. Measurement results

Variation of pressure in the cylinder reflects
combustion process. Higher increment of pressure
is caused by faster fuel burning. Figure 2 presents
pressure traces in the cylinder and crankcase of
two-stroke engine with direct fuel injection at 100%
throttle opening for engine speed 3300 rpm. It is
observed inequality of the pressure maximum from
cycle to cycle.

5 n=3300 rpm; WOT

NN AN

AN

/l
RVAVAAAVIA,

nN

-

cylinder pressure [MPa]

lank
4,:@?

Compensatgd  Ar flow-meter

Il

1440 3600

crank angle ldeg]

Figure 2. Inequality of pressure in engine with direct fuel
injection at 2750 rpm 50% WOT

The maximum pressure in the cylinder
changes from 2.3 to 2.68 MPa. It is caused by exist-
ing of the rest of exhaust gases and not complete
cleaning of the cylinder by the fresh air during the
scavenge process. The rest of exhaust gases stays in
the cylinder after closing of the ports as a result of
incomplete scavenging by fresh air, when both
exhaust and transfer ports are opened. Strong dy-
namic effect of pressure waves in the exhaust sys-
tem takes place in two-stroke engines, which stops
the outflow of the gases. Therefore the injected fuel
does not form a proper mixture composition, which
enables good combustion process. Mean tempera-
ture of the charge during combustion was calcu-
lated on the base of pressure measurement and
general formula of gas state:

rv
mR

T= (18)
It can be noticed in Fig. 3 that the maximum of
pressure takes place at 20 deg ATDC of piston
position, however ignition takes place at constant
value 20 deg BTDC of ignition advance. Combus-
tion process is elongated in comparison to four
stroke engines. Maximum pressure a little bit ex-
ceeds 2.5 MPa and is typical value for industrial
two-stroke engines and combustion process takes
place without knocking. The crankcase pressure
variation is shown also in Fig.3, which changes
from 0.075 to 0.135 MPa.
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Figure 3. Cylinder and crankcase pressure traces at 3400
rpm and WOT

When the transfer ports start to open the pressure in
the cylinder is higher than in the crankcase. The
exhaust gases from the cylinder flow to the transfer
ports causing a rapid increase of pressure in the
crankcase. Figure 4 presents variation of pressure of
the cylinder charge and temperature, which was
calculated on the base of eq. (18) in the range of
combustion process. For considered rotational
speed 3400 rpm the maximum of temperature takes
place about 30 deg ATDC and insignificantly ex-
ceeds 2000 K. Low value of the maximal tempera-
ture is caused by longer time of combustion process
and lower heat released rate. Combustion process is




retarded by big amount of exhaust gases in the fuel
mixture.
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Figure 4. Cylinder temperature and pressure during com-
bustion process at 3400 rpm

Validation of applied mathematical model was one
of the tasks in the work. Many factors influence on
pressure variation both in the cylinder and crank-
case particularly non-steady gas flow in all cylinder
ducts and pipes, charge exchange through the ports
or heat exchange with walls. One carried out sev-
eral calculations of pressure changes in these spaces
by using GT-Power software by applying of Vibe
function of fuel burning ratio with coefficients
obtained from experiment. Figure 5 shows com-
parison of pressure changes in the cylinder and
crankcase at full load and rotational speed 2750
rpm. One can notice a good correlation between
measured pressure and calculated pressure.
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Figure 5. Comparison of calculated and measured pres-
sure in cylinder and crankcase

6. Calculation of heat release

On the base of observation of many pressure traces
achieved from the indicated measurements it was
not found any abnormal combustion process. In a
support of the pressure indicating diagram and
formulas (12 — 17) presented in the section 3 the
heat released rate and total heat released were cal-
culated. One example of heat released rate (HRR)
and total heat released in a function of crank angle
for two-stroke engine with direct fuel injection is
presented in Fig. 6 for engine rotational speed 3400
rpm. Total heat released shows the energy given to

crankcase pressure [MPa]

the charge. Increment of charge energy is a function
of consumed fuel during combustion process.
Variation of total heat released is shown in Fig. 7
for the same engine rotational speed. The burning
period amounts 60 deg of crankshaft rotation and
maximum of heat release rate amounts 16 J/deg and
total heat released reaches value 330 J. Combustion
process in the DFI two-stroke engine runs with non-
monotonically heat released rate and maximal value
of HRR takes place at maximum of pressure (15
deg ATDC).

Figure 7. Total heat released during crankshaft rotation at
3400 rpm and full load

More rapid combustion process takes place after
TDC and lasts about 20° CA and then the rest of
fuel burns much slower, which is caused by in-
creasing of the cylinder volume and lower turbu-
lence of charge. Variation of fuel mass burned ratio
is shown in Fig.8.

Figure 8. Variation of fuel mass burned ratio at 3400 rpm




Variations of volume specific heat and specific heat
ratio are shown in Fig. 9 for the same rotational
speed. In this engine the changeable HRR is caused
by burning of non-homogenous mixture with dif-
ferent local air excess coefficient A. In Fig.9 the
indexes 1 and 2 represent the beginning and the end
of combustion process.
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Figure 9. Variations of specific heat at constant volume
and specific heat ratio during combustion process at 3400
rpm

7. Vibe functions

For the simulation of combustion process the Vibe
function is widely used and in some computer pro-
grams the parameters a and m are needed. Ap-
proximation functions of the combustion process
for direct fuel injection two-stroke engines are not
met in the literature. Equations (16) and (17) en-
able to obtain the approximated Vibe function for
different loads and rotational speeds. It is not possi-
ble to find the exact Vibe function for the real com-
bustion process. Two examples of mass burned rate
and approximated Vibe function are presented in
Fig. 10 and 11 at 2750 rpm and 3400 rpm, respec-
tively.
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Figure 10. Fuel mass burned ratio and approximated Vibe
function in combustion process at 2750 rpm

At lower rotational speed 2750 rpm the burning
period amounted to 36 deg CA (2.18 ms) and is
shorter than at higher rotational speed 3400 rpm
where the burning period amounted to 55 deg CA
(2.69 ms). The selected coefficients in Vibe func-
tion amount as follows:

n=2750 rpm a=5.9 m=4.0
n=3400 rpm a=6.0 m=2.6
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Vibe parameters: a=6.0; n'FZéwo
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Figure 13. Fuel mass burned ratio and approximated Vibe
function in combustion process at 3400 rpm

At lower rotational speeds of DFI two-stroke
engine the burning process is quicker than at higher
speeds, where that process is more softly. For car-
buretted version the measured brake mean effective
pressure is slightly higher than for DFI system in
lower rotational speeds. For the sake of applied
commercial injector tests of DFI engine were car-
ried out in smaller engine range of rotational speed
(2200 — 4200 rpm). One can state that coefficients
in Viebe function are depended on engine load and
rotational speed. However the first a coefficient can
receive value about 6.0 independently of rotational
speed. The second parameter m should decrease
with rotational speed because of lengthen of com-
bustion process accordance to crankshaft rotation
and should be in the range of 2.2 to 4.0 for this
engine.

8. Conclusions

The tested two-stroke industrial engine Robin EC12
was fitted with high pressure standard automotive
injector applied in DFI four-stroke engines, which
is not suitable for small capacity two-stroke engine.
Applying of an injector with smaller fuel mass flow
rate (special design) can improve the engine work
parameters and exhaust gas emission can be de-
creased than for tested configuration. On the carried
out calculations and experimental work some con-
clusions can be presented.

1. On the base of pressure measurements in the
cylinder the unknown parameters of the approxi-
mate Vibe function were matched for some rota-
tional speeds. This approximation function is
needed in the most O-dimensional models of
combustion process in the piston engines. The
time of fuel combustion increases with rotational
speed.

2. Combustion process is determined by engine
rotational speed, injected fuel mass, injection tim-
ing and charge turbulence in the combustion
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chamber. Knowing of the real combustion time of
given fuel dose and the parameters of Vibe func-
tion the heat release rate can be calculated in the
computer program with O-dimensional combus-

tion model.

3. For DFI engine injection process takes place
after closing of the exhaust ports and only un-
burned fuel is delivered to the outflow system.
Direct fuel injection does not assure higher en-
gine power for two-stroke engine. Thus for the
same global air-fuel ratio in the cylinder the en-
gine has almost the same power for both ver-
sions, however with direct fuel injection system
the engine has lower bsfc. Propagation of the fuel
jet in DFI engine depends strongly on the gas

motion in the combustion chamber, which is
caused by the scavenge process and squeezing
effect.

4. The paper does not present results of exhaust gas
emission, however one should say that two-stroke
engine with DFI system reduces significantly this
emission. The modified engine almost ten times
reduces hydrocarbons emission as an effect of
elimination of escaping of fuel mixture during the
scavenge process. Volumetric concentration of
HC changes with rotational speeds and can reach
values below 100 ppm. The HC emission for A=1
for the tested engine HC emission reaches 2
g/kWh. Volumetric ratio of NOx does not exceed
300 ppm at whole range of engine load.

Nomenclature/Skréty i oznaczenia

CFD Computational Fluid Dynamics /
obliczeniowa dynamika ptynow

DFI  Direct Fuel Injection / bezposredni wtrysk
paliwa

TDC Top Dead Centre / gorny martwy punkt

ATDC  After Top Dead Centre / po gornym
martwym punkcie

BTDC  Before Top Dead Centre / przed gérnym
martwym punktem

HRR Heat Release Rate / szybkos¢ wyzwalania sie
ciepta

bsfc  brutto specific fuel consumption / sfektywne
jednostkowe zuzycie paliwa
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