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RECIPROCATING INTERNAL COMBUSTION ENGINE
CYCLE

Let us study a reciprocating internal combustion engine whose corresponding theoretical cycle takes into account
a multi-step combustion process. We shall in this example analyse the diesel engine.

B

After a 0.9 isentropic efficiency compression, start
a combustion that unfolds in three phases:

- the first one, at constant volume, allows the
pressure to reach its maximum in the cycle,

- the second one, at constant pressure, leads to the
maximum temperature

- the end of the combustion takes place at constant
temperature.

- gases are then expanded to the bottom dead center &
(bdc), with an expansion isentropic efficiency equal :
to 0.95 .

Due to the clearance volume, 3.3% of the burnt gas (e lepd  fed W
mass are assumed to recirculate.

€ compression ratio
ep isobaric cutoff ratio

eT isothermal cutoff ratio

This cycle corresponds to the following diagram which can easily be built in the graphical editor:
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MODEL SET BY HAND
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Almost totally (except for intake and exhaust phases), this example deals with closed systems.

We will suppose that the composition of exhaust gases is known in order to be able to determine the mass taken
in. If this is not the case, it is necessary to iterate. With the clearance ratio being small, the influence of this
exhaust gases remains moderate. Similarly, the outlet expansion temperature will be initialized at 608 °C and 1.1
bar. As the system is coupled, the values that you will get may be slightly different from the ones presented here.
The fuel is a car fuel included in THERMOPTIM, whose formula is C7 2 H13.42 and LHV is approximately

equal to 42 MJ/ kg.

Once the diagram built, transfer its components in the simulator and start setting the parameters of the various
elements.

The mixer that provides the intake temperature connects the two processes-points representing intake air and
recycled gases. The admission pressure is set equal to 0.95 bar.

node  |admission ‘ type mixer < | = ‘
) Duplicate Save
main process di=pl =y m global |1

- Suppress Close
Comprassion
hglobal  [11.86
Calculate
T global |[36.67
pmces.s NAarme m ahs T("C) | H add a branch
outdoor air 0867 14 -9.a7
recirculation 0033 B08 G488 72 I i

Intake conditions are thus obtained (36.7 °C, 0.95 bar) and the compression can be studied. It is a closed system
compression process. Set the volumetric compression ratio equal to 14, and the isentropic efficiency value to 0.9.

process |Compression | type |[COMAPression | < ” = | Save
| Suppess | Close
energy type useful ] set flow
i closed system [] observed
flow rate |1
inlet point i) open system
1 display m Au 454.06 Calculate
T{(*C) 36.66T08 0 i
P {bar}) 0850456
® adiabatic i) non adiabatic
h{kJkg) [11.86
(s jsentropic reference ) polvtropic reference
fuality 1

isentropic eff. 0.4
outlet point a0
polytropic exponent .
2 | display

compression ratio (== 1) 7 calculated
T{(°C}) R25.26

14 ) set
P (bar}) 38 584549
hikJkg) |634.93 Set the efficiency and calculate the process (@
(quality 1 Calculate the efficiency, the outlet point being known

At point 2, at the compression outlet, the temperature is 625 °C, and the pressure 38.6 bar. For 1 kg of intake
mass, the compression work is equal to 454 kJ.
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Then begins the first phase of the constant volume combustion, until the maximal pressure of the cycle is equal
to 80 bar. The combustion process looks as follows:

process (Combustiony= Cnna{ ype combustion ‘ < || = | Save
‘ Suppress | Close
energy type  |purchased [ set flow
® closed system [[] ohserved
flow rate  |1.030491
inlet point 1 open system
7 display m Au 1,236 87 Calculate
W ]
T (*C) G245, 26
P(bar) 386859 fuel fsel m
h(kJkg) |634.93 [_] CHa type
(Juality 1 [_] pre-mixed
[¥] dissociation  dissociation degree n.ar
outlet point

(quenching temp. (°C}) 1,500
’ | e 095834

combustion eff.

T{°C) 1,586.98 chamber efficiency 0.et

P {bar) B0.0378

) Calculate lambda lamhda |2.2
(®) Calculate T Ti*C) 1,586.9799697533
_l Set the fuel flow rate

h{kJKkg) |1,870.45

quality 1

) set pressure

&) set vol @ hy the inlet point
set volume

1 by the user
) set temperature

It connects points 2 and 3 and is a closed system combustion, at a set volume equal to that of the inlet point. The
fuel is included in the database, and one can consider some dissociation (7% of the CO2, quenching temperature
equal to 1500 °C). A thermal efficiency of 0.81 is chosen to take into account the heat transmitted to the
cylinder walls and removed by the engine cooling water.

It remains then to calculate the air factor such that p3 = 80 bar, which can be made only by iteration. The value
obtained is A = 2.2. The outlet combustion temperature is then equal to 1587 °C.

The volume is constant and there is no useful work (W = 0). The heat of combustion is distributed between
losses (19%) and the fluid internal energy variation A U = 1236 kJ. The mass flow rate has increased, due to the
fuel injection, to reach 1.0305 kg/s at point 3.

The constant pressure combustion phase is represented in a similar manner: the oxidizer is determined by the
preceding process (“prod diesel 1), and the fuel is the same. In order to keep track of the different fuel flow
rates according to the combustion phases, it is necessary to create several corresponding processes-points (as in
the case of this example).

It connects points 3 and 4. It is a closed system combustion, at a set pressure equal to that at the inlet point. The
0.81 thermal efficiency is maintained, as well as the quenching temperature. The CO2 dissociation degree has

been set here to 8%.

It remains then to calculate A, such that the outlet combustion temperature is equal to 2100 K, or 1826.85 °C. To
do that, select checkbox "Calculate lambda" and click on "Calculate".

During the combustion, the heat liberated by the fuel is used three ways: heating the fluid, whose internal energy
increases (A U= 469 kJ), work provided to the crankshaft of the engine, the volume having increased at constant
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pressure (W= 71 kJ), and finally heat losses through the cylinder walls. The mass flow rate continues to increase,
and reaches 1.04086 kg/s at point 4.

Comhbustion p= Con

1.040855

=

The constant temperature combustion phase is similarly represented: the oxidizer is determined by the precedent
process (“prod diesel 2'), and the fuel is the same.

Combustion T=Con

:
=T
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The temperature is set, but not the evolution of the pressure and the volume. The known value is that of the total
mass of fuel burnt in the engine by the intake mass unit, here 0.043 kg/kg. You must adjust A to satisfy to 1.043
the total mass flow rate.

The heat liberated by the fuel is here also transferred in part into internal energy variation (165 kJ), in part into
work provided to the engine crankshaft, the volume having increased at constant pressure (W= 123.5 kJ), and the
rest (19%) into losses through the cylinder walls.

Conditions at the combustion outlet are now completely determined: pressure of 65.9 bar, and temperature of
1826.85 °C = 2100 K.

The expansion phase can be represented. It takes place between points 5 and 6, of similar composition (“prod
diesel 3"). The volumetric expansion rate psg is calculated. THERMOPTIM assumes that the volume vg at the

bottom dead center (bdc) is known. It depends on the one hand on the geometrical characteristics of the engine,
and on the other hand on the variation of the mass introduced in the cylinder. If one calls Vj and mj the total

volume of the cylinder and the mass in the cylinder at point i, one has the following relationships:

p56 = V6/V5 = (M6 vE)/(M5 v5) = Vvelvs since mg = m5

Furthermore p = Vg/V2 = (mg vg)/(m2 v2) = (m5 vg)/(m2 v2), and p = V1/V2

V6 = p (M2 v2)ims =vi m1/mg

The specific volume at the bdc is therefore equal to that of point 1 (0.9393) divided by the factor 1.043
representative of the mass variation, and is equal to 0.9. It therefore correspondingly has to be modified

manually in order to take into account this phenomenon. Similarly, the flow rate of the « expansion » process
must be set to 1.043.

process |Expansion | type  |BXpAnsion | < ” = | Save
‘ Suppress | Close
energy type useful [] set flow
® closed system [] observed
flow rate  [1.04305835
inlet point i open system
5 dizplay m Au -980.88 Calculate
T{°C) 1,826.85 Q u
P (bar}) F5.9148
i adiabatic i non adiabatic
hi{kJkagp |[2,229.61
1 isentropic reference ®) polytropic reference
tuality 1
polytropic eff. na
outlet point —
polytropic exponent .
4} | dizplay
expansion ratio (== 1) ® calculated
T(*C}) 906.56
9.4 I set
P {har} 37801
hikJkay (1,014.24 Set the efficiency and calculate the process (@
quality 1 Calculate the efficiency, the outlet point being known

[_] mechanically balanced with

This is "closed system" expansion with a calculated expansion ratio. The isentropic efficiency here is set equal to
0.9. The pressure at the expansion outlet is equal to 3.78 bar, the temperature to 906.5 °C, and the expansion
work is equal to 991 kJ.
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The work of the sweeping cycle can be evaluated as equal to WB = (p1 - p7)(V1 - V2) that is here approximately
18 kJ.

The balance of the whole cycle can then be calculated, which gives the following results:

Ealance
effectiveness 0.3912
useful energy 733

purchased enerqgy 1,873

You can also proceed in another way, by calculating the heat liberated by the fuel to be equal to the product of its
mass flow rate by its LHV, that is approximately 1815 kJ. The indicated efficiency that one obtains is then a
little bit higher.

The difference comes from the dissociation that has been taken into account: traces of CO and H, can be found

in exhaust gases, whose composition is given below. If there had been no dissociation, the two efficiencies
would have been identical.

E%'f, G as composition diesel products 3

The first figure column from the 1eft select= the input walues from among molar and mass fractions
companent name maolar fraction mazs fraction

o2 0.07966923 01216194

H22 0.05007 063 005003537

02 0.0760227 0.058438007

M2 0.7443797 07233079

o 0008552137 0005600631

H2 0.002427574 00001657462

Ar 0.008577999 001188682

With the exhaust gases undertaking a final expansion in open system, assumed to be isentropic, the outlet
condition for a pressure of 1.1 bar are T7 = 608 °C, very close to the value that had been set for recycled gases.

The impact on the temperature of the intake mass remains very small.

All these results are saved in project file "dieselEngineS38.prj" and diagram file "dieselEngineS38.dia".

It should be noted that the automatic recalculation cannot be fully automated here. The reason is that the
combustion in the motor cylinder is represented as a sequence of three closed system combustions: first constant
volume, second constant pressure and third constant temperature. This corresponds to very specific parameter

settings which are not taken into account by the calculation process, as for instance the setting of A to get the
right pressure or temperature or the update of vg.
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VIEWING THE POINT STATE VALUES IN THE DIAGRAM EDITOR

The results obtained may be displayed on the diagram:

ordoor air Balance

usefil power : 733 E
pu.rch.ased power : 1,273 P el 2 fiael 3
effectiveness 1 03912
7 JHIZAD cah 7 JHIZ 42 cab 7 2HI3 42 “tab
ey ey 2 0ops
Diesel engine T=301C T=30C T
. p = 100 par p = 100 par T = 100 par
H= 5] klkg H=32.5]klkg H= 557 kikg
3 B 4 B 5
...... prod diesel prod diesel
m =103 m= 104
admission T = 36.60 °C T = 625,32 * (Combustiof v = Const T = 1,587 Combustiof p = Cone = 1 836,85 %0 Combustiof T = Conet
p= 095 Comproscims 38 50har b P = 8003 bar contig] p = 90,03 bar cooting 3
H= 1189 klkg = 63501 kI, o agp ;g B = LAT0A9LINg o105 H=223207Ikg sy L
cooling inlet wrater 1 wrater 2 coplivg outlet cooling outlet
- - » b
rater vrater wrgter
- — m=2 - m=1 m=2 m=2 -
cooling indet = 39 cooling 1 T=647°C cooling 2 T=7789°C coolmz 30 P gas e cooling outlet
prod diedel 3 p=2ba p=2aba p=2bar E 2 bar
m=0083 H= 125.68 kIkg H = 270.94 kMg H= 326.21 kg prod 4 345 57 kg
17 ooz e ?:11;8026 8500
p=Llbar = s
H = a49)51 %] p=65 Mt
H=2.290.3 kg
prod diesel 3 rod diesel 3
- = 0.033 m= 104 m= 104
e civculaticn) T=60862°C [ et T= 608620 T= 906,63 :
p=11har p=11bar exdanst =378 bar Espansion
exdunst H =49 51 kIkE H= 649,51 kIkg H= 10144 kTkg
prod diggel 3
m= 101
T = 608.62°C
exdunet gac p=1bar

H= 49 51 kTkg

EXTERNAL DRIVER

It is possible to overcome the limitations of Thermoptim automatic recalculation engine using a external driver
carefully constructed, named DieselDriver, as we shall now show.

This driver will make what was done by hand in the previous model, and may even go further and determine, for
a given cylinder and rotation speed flow-rates put into play.

Design settings
Max pressure

Max temperature (°C)
EGR: ratio (%)

Thermal losses (%)

lamhda T Cste

Diesel driver settings screen

180.0000

11827.0000

13.4000

19,0000

12,0000

Compression ratio

Capacity (1)

Rotation speed {rpm)

Suralimentation ratio

Cooling flow rate

'14.0000 |

19.2000 |

11500.0000 |

11.0000 |

12,0000 |

As shown in the figure below, it is possible to define an input screen of the main parameters characterizing the
engine, such as maximum pressure and temperature of the cycle, the displacement and the rotation speed of the
engine, the fraction of the heat transferred to the cooling fluid, the engine compression ratio, the air / fuel ratio or

the coefficient of supercharging.

Let us recall that the engine that we have modeled by hand was characterized by a maximum pressure of 80 bar,
a maximum temperature of 1827 °C, a gas recirculation rate of 0.033 / 0.967 = 3.4%, heat loss of 19%, a
compression ratio of 14, no supercharging, and we had set the flow of cooling water equal to 2 kg / s.

Diesel engine model and driver
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Simulation results
efficiency

useful energy

torgque

purchased energy

cooling eneray

exhaust temperature

0.38365

1357.52537

12.27608

1931.91613

8853204

160858820

| Calculate |
Intake flow rate 10.96643
combustion flow |IZI.IZIE1 43
total flow 1.04420
exhaust losses |3T5.48591
pumping losses |E.99I:ISE
Air fuel ratio 12258970

Simulation results with the diesel driver

We did not specify the engine displacement or speed. Taking 1500 rpm for the latter value, the displacement is
about 9.2 I.

Once these values entered, the model is fully reset and the corresponding solution can be searched, leading to the
results presented above. We take care that the values of flow rates and powers were divided by 2 to account for
the intermittency factor of 0.5, the engine being assumed to be 4 stroke.

The synoptic view obtained, very close to that obtained by hand, is as follows:

utdoor air

D E—
useful power : 729
purchased power : 1,864 firel 3
outdcr oin effertrreness | 0.3012
C72HIZA42 “carb
air m =001
m=0%s Diesel engime HEEDiE
T=15fe D =100 b
p=1lh H= 8.5] kg
H=-9
5
...... prod diesel 1
m=1 m= 103
abrdcsion T =36.61°C T =625.12 * (Combustiog v = Const T = 161344 °C Combustio p = Cone = 1837 *C Cormbmstiof T = Coret
p=0.936 b Comprecsgoe 38006 b p=79.90 b coting 2 p=79.90 b cootind3
H= 118kIkg H= 634 7T kMbig, i doggge  H= L908.11kIkg m AT b og.se H=222195kMkg B e
cooling et wrater 1 wrater 2 copling outlet. cooling outlit
» »
rateT rateT argteT
o =1 m=1 =1 /=2
cooling Ity = 3 - coolmg 1 T= 6347 °C cooling 3 T=77.63°C coolmg 3 T gpa4er cooling outlit
prod diskel 3 p=2ha p=2biw p=2biw = 2 bar
m = 00529 H= 12588 klkg H= 275.35 klkg H= 325.12 klkg prod GEER 344,48 KTk
T = 608)59 °C ?:11,;; .
p=11%a 7 5 S K
H= sag213]) p=659%a
. - |:| - H= 222892 kTkg
prod desel 3 |:I :| Trod diesel 3 Trod diesel 3
- m = 00329 m=104 m=104
Teciroulation T=602.50°C | evbanst T = 602.50 °C T= 9025170 :
p=Llba p=11bar 2 p=372ha Erpansion
et H= 649 21 kIkE H= 649.21 kIikig H= 10281 kg
prod disgel 3
m=1
T = 608.59 °C
exdst gis p=lbx

H= 64021 klkg

Synoptic view of the Diesel model with driver

All these results are saved in project file "dieselEngineS38_driver.prj" and diagram file "dieselEngineS38.dia".
The principle of the calculations is that, once the initializations made:

- The upstream and downstream pressures are modified to take into account a possible supercharging
- Then the flow of intake air and fuel are evaluated and the inlet mixer updated and calculated
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- The compression phase in a closed system is recalculated, then the first combustion. This calls for a reversal in

lambda of its equations to find the pressure of 80 bar

Jiprise en comwpte de la suralimentation (sans effet sur T pour le moment)

FF1l faudrait wérifier gque asmwontCompr 2t hien en mwode de calcul "systéme ouvert™
Sf inmlusion of supercharging (no effect on T for now)

J¢ we should check that amontCompr calculation mode is "open system
amontCompr . P=inlir .P*0.95%3ural;

amontCowpr . update (!UPDATE T, UPDATE P, !UPDATE_X);

echap.P={inlkir.P+0.1) *Sural:

echap.update [ |UPDATE T, UPDATE P, !UPDATE X :

amontCompr . getProperties() ;

double vil=amontCompr.V:

double intermittenceFactor=0.5; /4 temps - 4 stroke
double ne=4; /74 cylindres - 4 cylinders

J/débits massiques - mass flow rates
wmassF low=N/ 60, *Va/v1/ 1000, Fnc;
double fact=EGR/100;

updateprocess ("air ambiant”, "Exchange"”, |RECALCULATE, !'I53_3ET FLOW, UPDATE FLOW, massFlow, 'UPDATE_ETA, 0O
updateprocess ("recirculation™, "Exchange", 'BEECALCULATE, I3 3ET_FLOW, UPDATE FLOW, massFlow*fact, 'UPDATE 1

updateNode ("adwission", RECALCULATE, !'UPDATE_ETA, 0O):
amontCompr .. getPropercies() ;
vi1=amontCompr .V}

updateprocess ("entrée refroidissewent™, "Exchange™, !RECALCULATE, 'IS_SET FLOW, UPDATE_FLOW, coolingFlow,

Jifealoul du compresseur - compressor calculation

updateprocess (cowmpressorName, "Cowpression”, RECALCULATE, !'IS_SET FLOW, !UPDATE_FLOW, O,

avalConpr.getProperties|() ;

Jfoaloul de la premiere conbustion - first cowbustion calculation
double lambda=Util.dicho_T (this,0,1, "calcCorbl”™,1.4, 20,0.01);
avalConbl.getProperties () ;

inversion in lambda of the first combustion

double calcCombl (double lambda) {
updateprocess (combllName, "Combustion",RECALCULATE, !T3 3ET FLOW,
avalCownbhl.getProperties()
double res=avalConbl.P-maxPress;
return res;

'UPDATE_ETA, O, 1

'TPDATE FLOW, 0O

We can then calculate the second and third combustions, determine the volume at the expansion outlet and

recalculate the expansion phase.

Diesel engine model and driver
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ffealoeul de la premiére combustion — first combustion calculation
double lambda=Util.dicho T (this,0,1, "calcConbl®, 1.4, 20,0.01);
avalCombl.gecProperties () ;

Jiealeul de la deuxiéme combustion - second combustion calculation
if (maxTewmp<avalCombl. T {
max Temp=avalCombl. T+20;
waxTemp_value.setText (Ucil.aff_ dimaxTemp-273.15,5));

updateprocess (conbalawe, "Combustion”, RECALCULATE, 'IS SET FLOW, !UPDATE FLOW, 0, !UPDATE ETA, O,

¥

else updateprocess (combZNamwe, "Cowbustion”, RECALCULATE, !'IS_3ET FLOW, !'UPDATE FLOW, O, UPDATE_ETA, s

Jfoaloul de la troigiéme combustion - third combustion calculation

updateprocess (combilName, "Cowbustion”, RECALCULATE, 'IS_SET FLOW, !'UFDATE FLOW, O,

Jidétermination du débit de carburant - fuel flow rate
String[] args=new 3tringl[Z2]:

args[0] ="process";

args[1] ="combustible'™:

Vector vProp=proj.getPropertiesargs):;
Double f=(Double)vProp.elemehtit (3]
double coxblFlow=f.doubleValuei):
combF lov=comb 1F low;

args[1] ="combustible 27;
wProp=proj.getProperties(args) ;
f=(Double)vProp.elementit (3] 2

double coxbiFlow=f.doubleValuei):
combF lov=combF low+conmbEF Low;

args[1] ="combustible 37;
wProp=proj.getProperties(args) ;
f=(Double)vProp.elementit (3] 2

double coxb3Flow=f.doubleValuei):
combF lov=combF low+comb3F low:

RCA=massF low/ conbF low;

RCAL value.setText (Util.aff d(RCL,5));

double coeff=(massFlow*{l.+fact)+conbFlow) fmassFlow/ (1.+fact) ;
totalFlow=tassFlow® (1. +fact) +oowbFlow;

avalCombs .getProperties|)

avalCombs.gecProperties () ;

double vE=vl/coeff;

avallet.P=v6;//on passe v dans P - v iz transwitted throuph P in this method

UPDATE_ETA, maxTemy

avallet.update | !UPDATE T, UPDATE P, 'UPDATE_X)://modifié pour gu'en systéme ferméd, ce soit ¥V ogqui est w
J/11l faudrait faire un test pour bien wvérifier gque awvalDet eat parawétré en sysStéme fermé

/¢ changed so that in closed system, it is V which is updated
J¢ we should do a test to check that svallet iz set in a closzed system

updateprocess (expansionName, "Expansion", RECALCULATE, !I3 ZET FLOW, !UPDATE FLOW, 0O, 'UPDATE_ETA, 0)

avallet.getProperties|()

updateprocess ("échappement ™, "Expansion", RECALCULATE, !'I3_3ET_FLOW, !UPDATE_FLOW, O, 'UPDATE_ETA, 0O)

It remains to perform the updates of the rest of the cycle

updatelNode ("&chappement™, RECALCULLTE, 'UPDATE_ETA, 0):

updateHlx ("refroidissement 1", RECALCULATE, !UPDATE UL, 0O, !UPDATE EPSI, O,
updatelx ("refroidissement 2", RECALCULATE, !UPDATE Ui, 0O, !UPDATE EPSI, O,
updateHx ("refroidissement 3", RECALCULATE, !UPDATE U4, O, !UPDATE EPSI, O,

and calculate the overall balance.

Diesel engine model and driver
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fipertes de pompage (cycle de balayage) -pumping losses [(Scavenging cyole)
echap.getProperties() ;

amontCompr . getProperties () ;

awvalCompr .getProperties()

double pumpinglosses=- (awmontCowpr.FP-echap.P) ¥ (stnontCompr . V—awvalCompr . V) *100*ma=ssF low;

double pavante=(deltaHl+deltaHZ+delcaHs) *intermittenceFactor:

double utile=(-tauCowpr-tauExp-tauZ-taui-pumpingLosses) FintermittenceFactor )
doukble eff=utile/payante;

double cooling= (payante®lossCoeff/100.) *intermittenceFactor;
pumpingLosses=pumpinglosses¥intermictenceFactor )

double torgue=utile*30 /Math.PI/N;

combFlow=combFlow*intermittenceFactor;

wassF low=massFlow; // *intermittenceFactor:

As can be seen, the programming work is quite reasonable.

EDUCATIONAL USE OF THE DRIVER

The great educational interest of the driver is that it allows students to simulate the impact on engine
performance of parameters defined in the input screen. They can either perform sensitivity tests on these
parameters, or estimate the missing values if they have experimental data measured on bench.

Note however that the driver can be solved only if the input parameters form a consistent set: to make it more
robust, it should make a series of tests that have not been implemented in the version presented here
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