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Models for the exhaust gas temperature are developed and validated
for a turbo charged diesel engine. The area of use for the models are
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Chapter [I], Introduction: Background and objectives of this thesis.

Chapter [2, Measurements: A brief presentation of the test engine
and where different variables are measured.

Chapter B, Modelling: Presentation of three different models and
how to use these models during transients. The reader not famil-
iar with ideal cycle calculations should look in Appendix [Al for
derivation of the formulas in Section B.2.

Chapter M], Validation: Static and dynamic validations of the mod-
els in Chapter [3.

Chapter [Bl, Conclusions and Future Work: Discussion about the
results presented in this thesis, and future work that can be done
to improve the models.
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Chapter 1

Introduction

Background

To reduce emissions from heavy duty trucks, legislative restrictions on
emissions are getting more and more strict. Trying to meet these re-
strictions the manufacturers are using more complex engine systems
to reduce emissions while maintaining performance and low fuel con-
sumption. An approach to control these systems is to use model-based
control and therefore models, e.g. equations or maps, of the different
systems are required.

From 2005 all trucks sold in the EU must be equipped with an on-
board diagnostics (OBD) system. The aim of this system is to make
sure emission restrictions are kept, even when the truck is on duty.
The OBD system should indicate increased emissions and isolate faulty
components so that they can be replaced easily. Model-based diagnosis
can be used for this and once again, good models for subsystems are
needed. The output of a model can be compared with corresponding
measured variable, and if they deviate from each other too much a fault
has occurred (compare with residuals and thresholds )

Models for different systems are useful in different ways and in ad-
dition to the ones indicated above, models can replace sensors and
thereby lower the cost of the product.

Much work has been done in the field of creating mean value models
for an entire engine B, E] These models are normally fairly simple for
each subsystem and often engine data is used to build these models.

Objectives

The objective of this master’s thesis is to create a model of the exhaust
gas temperature (T%,,) on a turbo charged diesel engine with variable
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geometry turbine (VGT [5]) and exhaust gas recirculation (EGR [2])
systems.

The model should preferably be physical (no fit to data), accurate
and easily calculated as the computing power in the vehicle is lim-
ited. As T¢,, is determined by the combustion, and the combustion is
very complex, all three desired characteristics for the model can not be
fulfilled. The different models presented in this thesis are somewhere
between physical, accurate and easily calculated.

Methods

Data from a Scania (12 liter, 6 cylinders) turbo charged diesel engine
equipped with VGT and EGR, was collected in test cell. The data was
then used to build and validate different static models, which were later
applied to dynamic modelling and validation.

Target group

This thesis is aimed for engineers and students, with basic knowledge
in the area of vehicular systems.



Chapter 2

Measurements

To build and validate a model, engine data is required. Data is col-
lected in an engine test cell on a Scania (12 liter, 6 cylinders) turbo
charged diesel engine, equipped with VGT and EGR. The test engine
is equipped with a lot of extra sensors, compared to a normal engine, to
simplify model building and validation. An explanatory sketch of the
test engine, and where different variables are measured, can be seen in
Figure 2]

The mass flow through the inlet manifold (W;,,) is measured before
the intercooler (IC). During static operation this does not cause any
problems as there is no change of mass in the intercooler. During tran-
sients, the measured mass flow through the inlet manifold (Wim, meas)
and W;, are not the same due to filling or emptying of the intercooler.
When looking at transients, small or no difference in mass flow was
found when trying to compensate for the intercooler dynamics, com-
pared with when no compensation was made. Therefore Wiy, meas is
assumed accurate.

Inlet manifold pressure (p;,,) and temperature (7},,) are measured
after the intercooler. Exhaust manifold pressure (pe,,) and tempera-
ture (Tep,) are measured right before the turbine. Engine torque (M)
and engine speed (n.) are also measured and the position of the corre-
sponding sensors, can be seen in Figure 211

All the measurements are made at constant engine speed. Load
and air mass flow are altered by changing e.g. injected fuel amount (),
start of injection (o) and the geometry of the turbine. During static
measurements, all the variables are measured for 75 seconds and then
a mean value is stored. During continuous measurements, all the vari-
ables are stored every tenth of a second.
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Figure 2.1: Explanatory sketch of the test engine and where important
variables are measured.



Chapter 3

Modelling

In this chapter two approaches, for building a model for Tt,,, are pre-
sented. The first one is based on an energy balance of the combustion
chamber, Section[3.1], and the other is based on ideal cycle calculations,
Section [3:2l The latter includes calculations on the Otto and Seliger
cycle of which the Seliger cycle should give the better approximation
to a diesel engine [@] In Section [B.3]a procedure, of how to apply these
models to dynamic measurements, is proposed.

3.1 Energy Balance Model

Rewriting the first law of thermodynamics, an energy balance of the
combustion chamber can be derived B, B],

Wimcp(Tim - Tem) + quel - Qtp - th = 07 (31)
where
Wimcp (sz - Tem)

is the change of energy due to increase of gas temperature from inlet to
outlet manifold. The change of energy due to mass flow of fuel (Wyyer)
to the engine, )

Q fuet = Wruetqav < 6neqnv,

the power produced by the engine,
Qtp X Mcne

and th is the heat transfer to the combustion chamber walls. Solv-
ing 3 for T, gives

+ quel - Qtp - th’

Tem = Tim W e
imCp

(3.2)
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which will be referred to as the energy balance model. An estimation
of tha

i = Fe (8, Wi,y me), (3.3)
is derived from data.

The difference in cooling water temperature before and after the
engine, ATuter, can also be used when estimating Qn:e. The heat
released in the combustion chamber heats the cylinder walls which are
cooled by the cooling water. The mass flow of cooling water is kept
constant during measurements. Knowing this, the heat transfer to the
cooling water is proportional to AT .6 and the mass flow is left out
of the formula,

ff%t = f}%t (67 Wim7 @, Te, ATwater)a (34)

which should estimate @Q; better than f},, and therefore give smaller
errors.

One problem with the energy balance model is that M, is not mea-
sured in series production trucks, and the engine torque is not easy to
model with good accuracy. Another problem is that the combustion
process is very complex and f;, are only close to correct when building
and validating the model at similar engine conditions.

3.2 Ideal Cycle Models

In this section an engine cycle (intake, compression, combustion, ex-
pansion and exhaust) is modelled with two different ideal cycles, the
Otto (constant volume) cycle and the Seliger (limited pressure) cycle.
The formulas presented here are results of calculations on ideal cycle
models. For assumptions and derivation of formulas, see Appendix [AL

Indices 1 (after intake), 2 (before combustion) and 3 (after combus-
tion) may appear on pressures, temperatures and specific volume (v),
which refer to the value of the variables at that specific state.

3.2.1 Otto Cycle

From Otto cycle calculations, the exhaust gas temperature,
1/~
1-1/v )
Tem - nOCTl (pem> 1 + = y—1 ’ (35)
pzm chl (Z_;)

is given, where 7,. is a compensation factor for non ideal cycles. Fur-
ther, the specific energy content of the charge per unit mass,

Wirwetquv
in = ———— (1 — 3.6
din Wzm + quel ( wT‘) ’ ( )
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the residual gas fraction,

, -1/~
1/~ )
Ty = v2 <Pém> 1+ %7"7_1 (3.7)
U1 DPim chl (z_;)

and

T1 = mrTem + (1 - mr)sz (38)
Solving ([BA) for n,. gives

—1/v

Tem em /-1 in
Noec = < > (p ) 1+ qi,l . (3.9)
T Pim v v
Cle (Uz)

The exhaust gas temperature can not be solved analytically from the
full model, E3) to (BH), as the equations depend on each other. A
numeric solver is used for (BH) to (83), when building the model and
for (B3) to (B3), when validating it. When validating the model 7, is
not calculated from (3J). Instead

Noe = noc((sy Wim; a, ne) (310)

is calculated from engine data.

3.2.2 Seliger Cycle

From Seliger cycle calculations, the exhaust gas temperature,

1/v—1
1-1 —1
T,, = Nse <pem> /v ('U_2>FY 14 L_lxcv *
im U1 e T1 (v_l)’y
v Vo
1- Tey Tey U1 vt
in T - )
*(q < Cp +CU>+1<U2>
(3.11)

is given, where 74, is a compensation factor for non ideal cycles and z,
the ratio of fuel consumed during constant volume combustion (when
Zey = 1, the Seliger cycle is the same as the Otto cycle). The rest of
the fuel is used during constant pressure combustion. Further, 77 and

gin as in (3.8) and B.0) where,
—1/v

1/ .

p, = 202 <p_em> 1+ —2n o, : (3.12)
U1 U3 \ Pim e, T (v_l)”’

v Vo
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in — (1 o xcv)
CP (qg: Ly + Tl (z_;) )

and 7. can be solved from (BIT)). As in Section 321l a numeric solver
is used and z., has to be fixed before starting. The ratio z., is highly
dependant of start of combustion (SOC), which is dependant on e.g.
a and Wi,. No model for z., is presented but is instead assumed
constant.

When validating the model 7, is not calculated from (FIT)). Instead

V3 = VU2 1+ (313)

Nsc = Nse (67 Wim7 a, ne)

is calculated from engine data.

3.2.3 Summary

The Otto cycle model is a special case of the Seliger cycle model. Yet
it is interesting to validate both models to see whether z., makes a
difference. With access to Tim, Wim, Wruet, Pim and pem, the models
estimate the exhaust gas temperature. Both models use a compensation
factor, 1., and 7., that can either be fit to measured data or set to 1.

3.3 Dynamic Modelling

None of the models in this chapter has any state variables. Heating and
cooling effects of the engine is not modelled so no good results during
transients can be expected. There are low-pass sensor dynamics in the
temperature sensors. To make the modelled exhaust gas temperature
(Tem,mod) comparable with the measured (Ten, meas), the former is fil-
tered with a first order low-pass filter. The time constant for this filter
is set constant (4 s) and might also capture some heating and cooling
effects of the engine.



Chapter 4

Validation

In this chapter the models presented in Chapter Bl are validated. The
geometry of the VGT , a and § are manipulated to give a wide range of
Tem (550-950 K) during static validation. For dynamic validation load
transients are used. To get the most accurate measurement of Wi,,,
the EGR valve is kept closed. Engine speed is kept constant. This is
a major simplification, compared to letting the engine speed change,
but the validations are still interesting. Since having found a model
that is good at one engine speed, it is easy to build such a model for
other engine speeds, and interpolate between the models. The reason
why only one engine speed is validated is that collection of data is time
consuming and expensive.

As all of the models in Chapter 3 are in some way based on engine
data, there is a difference between building and validating the model at
different and similar engine conditions. Building and validating models
at similar engine conditions should give a smaller error. Doing the same
at different engine conditions should give an indication of the physical
correctness of the model. There is therefore more than one validation
for every model.

Results are presented with, mean and maximum
Absolute error = |Ten meas — Lem,mod|

and

|Tem,meas - Tem,mod|

Relative error = ,

Tem,meas

for all validations.
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Table 4.1: Results of the validations in Section [AJ], for the energy
balance model, when comparing measured and modelled T,,.
Validation | Abs. error (K) | Rel. error (%)

mean | max | mean | max

27.6 71.3 3.0 7.7
15.9 47.6 2.3 8.7
14.8 46.2 1.6 4.8
12.0 244 1.6 3.2

= W N =

Table 4.2: Results of the validations in Section EEZT], for the Otto
cycle model, when comparing measured and modelled T, .
Validation | Abs. error (K) | Rel. error (%)

mean | max | mean | max

40.5 107.8 4.7 11.5
27.5 50.0 3.6 5.3
7.0 17.5 0.8 2.1
5.8 13.7 0.8 1.9

N R

4.1 Energy Balance Model Validation

In this section the model presented in B2), with Qp; estimated with
fis, is validated.

Validation 1: In (33), f}, is fitted to engine conditions different from
the validating data.

Validation 2: In (&3), f., is fitted to engine conditions similar to the
validating data.

Validation 3: In Z4), f7, is fitted to engine conditions different from
the validating data. The difference in cooling water temperature
before and after the engine, ATy q¢er, is used.

Validation 4: In ([B4), f7?, is fitted to engine conditions similar to
the validating data. The difference in cooling water temperature
before and after the engine, ATy qter, is used.

The results of the four different validations with different f}, (estima-
tions of Qp¢) are presented in TableEl As predicted in Section BT the
tabel show (compare relative errors for validation 2 with 4 or 1 with 3)
that better results are achieved when ATy, 4ter 1S used in the estimation

of th-
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4.2 Ideal Cycle Model Validation

In this section the ideal cycle models from Section B2l are validated.
Some observations, for the validations, are found in Section 23l

4.2.1 Otto Cycle

In this section the Otto cycle model presented in B5) to (B:9) is vali-
dated.

Validation 1: The compensation factor, 7,., is kept constant at 1
so there is no fit to measured data. The a recommended by
S6 (Scania’s engine control system) is not used but « is varied
manually at different loads. The VGT is constant at same load.

Validation 2: The compensation factor, 7., is kept constant at 1 so
there is no fit to measured data. The VGT is varied at different
loads and « is chosen by S6.

Validation 3: The compensation factor, n,., is fitted to engine condi-
tions different from the validating data.

Validation 4: The compensation factor, n,., is fitted to engine condi-
tions similar to the validating data.

The results of the four different validations are presented in Table L2

4.2.2 Seliger Cycle
In this section the model presented in Section is validated.

Validation 1: The compensation factor, ns., is kept constant at 1 so
there is no fit to measured data. The a recommended by S6 is
not used but « is varied manually at different loads. The VGT is
constant at same load.

Validation 2: The compensation factor, 1., is kept constant at 1 so
there is no fit to measured data. The VGT is varied at different
loads and « is chosen by S6.

Validation 3: The compensation factor, 7., is fitted to engine condi-
tions different from the validating data.

Validation 4: The compensation factor, 7., is fitted to engine condi-
tions similar to the validating data.

The results of the four different validations are presented in Table[43l
Measured and modelled T,,,, for two of the validations, are presented
in figures referred to from Table EE3l
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Table 4.3: Results of the validations in Section EE2Z.2] for the Seliger
cycle model, when comparing measured and modelled T, .

Validation | Figure | Abs. error (K) | Rel. error (%)
mean | max | mean | max
1 29| 34.2 87.9 4.2 94
2 16.1 26.9 2.3 4.9
3 - 6.5 16.2 0.8 2.0
4 - 5.5 12.8 0.8 1.7
950
900+ + 4
oy o
850 N 4
o4
—~ + :
5;!800* "
750
N
o+t
700 +
+  Measured
6500 2 4 6 8 10 12 14 16 18 20

Sample

Figure 4.1: Measured and modelled T, (for the Seliger cycle model)
for changes in « at different loads. No fit to data.
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I ,
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Figure 4.2: Measured and modelled T, (for the Seliger cycle model)
for changes of the VGT at different loads. No fit to data.

4.2.3 Validation Observations for the Ideal Cycles

When n (both 7,. and ns.) is kept at 1 (no fit to data), there is a big
difference between the results for validation 1 and 2 (compare relative
errors for validation 1 and 2 in e.g. Table[4:3)). To show this, not only
in numbers, some samples in the validation figures for the Seliger cycle
model can be discussed.

In Figure B1] samples 6-10, Tepy meqs increases but Tep moa de-
creases, which means that the Seliger cycle model does not capture
changes in «. Comparing with the same samples in Figure[d2] it is ob-
vious that changes in the VGT is captured much better than changes
in a.

The «a chosen by S6 is set to give a combustion that can be seen as
normal for the engine. When « is altered without any thought of this
(validation 1), the combustion is less ideal and the ideal cycle models
show poorer results, than when « is chosen by S6 (validation 2).

The relative errors for validations 3 and 4 are almost the same.
When fitting n to engine data, it is therefore not crucial to have engine
data similar to the validating data. This is good as it takes a lot of work
to collect data from every engine setting, when building the model.

The relative errors for the Seliger cycle model (Table[d3)) are smaller
or equal than the ones for the Otto cycle model (Table @2). This
indicates that z., makes a difference to the Seliger cycle validation
results (remember that the Otto cycle is a special case of the Seliger
cycle with z., = 1). The Seliger cycle’s ., is highly dependant on «,
but is in this work set constant. A better model for z., should capture
changes in a better, and give better results for validation 1.
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Table 4.4: Results for all three models for load transient: 50-75-50%,
when comparing measured and modelled T, .
Model Figure | Abs. error (K) | Rel. error (%)

mean | max | mean | max

Energy balance | B3 (a) 9.1 35.8 1.1 4.2
Otto T3 (b) | 35 | 101 | 04 | 1.2
Seliger E3l(c) | 3.6 10.2 0.4 1.2

4.3 Dynamic Validation

All transients are load transients (steps up or down in J) at engine
speed 1434 rpm. If the caption says “Load transient: 50-100-75%”, it
means that é begins at 50% of it’s maximum, increased to 100% and at
last lowered to 75%. When the models are fit to measured data, static
measurements with conditions similar to the ones during the transients
are used.

When there is no filtering of Tty moq, the modelled temperature is
much higher than Tep, meqs, right after an increase in load (compare
Figures 3] (c) and (d)), which partly can be explained by sensor dy-
namics. Another explanation could be that Wiy, meqs and the real Wi,
differ from each other, due to filling and emptying of the intercooler,
during transients. If Wip, meas < Wim, right after an increase of load,
all the models will calculate a higher Tey, moq than if Wiy, meas = Win-

As pointed out before (Section [3:3)) none of the models has any dy-
namics except for the low-pass filtering of Tep, mod- Knowing this a
comparison between the three models is made only for one load tran-
sient and the best model is then further validated. A comparison (Fig-
ure [13 (a), (b) and (¢) and Table 4) between the different models
for a load transient: 50-75-50% is made. The relative errors in Ta-
ble[d4] are much smaller for the ideal cycle models than for the energy
balance model. During transients ATyt Was not measured so the
energy balance model could have given better results. As the Seliger
cycle model give better results than both the energy balance and the
Otto cycle model , during static validation (compare relative errors for
e.g. validation 4 in Table @.1] and [43)), the Seliger cycle model is
the one further validated.

The results of a comparison between the Seliger model with and
without estimated 7., for load transients can be seen in Figure [£4] and
Table The difference in error (compare relative errors for same
load in Table @A) does not seem to come from the dynamic behavior
but instead from when Tep, meqs is close to stable in between the steps
in § (compare Figure @4l (a) with (b) or (c) with (d)).



4.3. Dynamic Validation

15

Energy balance (a)

920

880

780f ¥

150 200
Time(s)

Seliger (c)

= Measured
— Simulated

840

50 200 250 300 350
Time(s)

00

860

840

1000

Ten®)

950

900

800

750

50 100 250 300 350

150 200
Time(s)

Unfiltered Seliger (d)

150 200 250 300 350
Time(s)

Figure 4.3: Measured and modelled T, for comparison between En-
ergy balance (a), Otto (b) and Seliger (c¢) model for load transient:
50-75-50%. Also comparison between filtered (c) and unfiltered (d)

Seliger model for same transient.
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Table 4.5: Results for the Seliger cycle model with and without esti-
mated ns., for load transients, when comparing measured and modelled
Term. Upper row for each load is for when 7. is estimated and lower is
for when ns. = 1 (no fit to data).

Load Figure | Abs. error (K) | Rel. error (%)
mean | max | mean | max
25-50-25% | B4 (a) | 7.0 | 207 | 1.0 | 3.1
25-50-25% |EA (b) | 19.1 | 388 | 26 | 5.0
50-75-50% | Bl (c) | 3.6 | 102 | 04 | 1.2
50-75-50% |EA (d) | 132 | 224 | 16 | 2.8
Load transient: 25-50-25%
7se fit to data (a) nse = 1 (No fit to data) (b)

250 300 350 400 0 50 100 150 250 300 350 400

Load transient:50-75-50%
Nse fit to data (c) nse = 1 (No fit to data) (d)

() 50 100 150 200 200
Time(s) Time(s)

150 200 250 300 350 o0 50 100 150 200
Time(s) Time(s)

Figure 4.4: Measured and modelled Tt,,, for load transients, for com-
parison between Seliger models with ((a) and (c)) and without ((b) and
(d)) estimated 7.
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4.4 Summary

The Seliger cycle model show better results than the other two models
during static validation. As the dynamic behaviour is the same for all
models, the model with the best static results should also show the best,
results during transients. Therefore the Seliger cycle model is suggested
as the model of choice.

During static validation the suggested model show the following
results. The Seliger cycle model fit to engine data show a maximum
relative error of 2% (Table validations 3 and 4). With no fit to
engine data and « chosen by S6, the same model show a maximum
relative error of 5% (Table validation 2). When « is not chosen
by S6, but changed manually, relative errors up to 10% (Table
validation 1) can occur when there is no fit to data. As the engine runs
with « chosen by S6 this is not a problem at the engine speed chosen
for validation.
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Chapter 5

Conclusions and Future
Work

This chapter summarizes the conclusions drawn in this thesis and give
some suggestions for future work on the models.

5.1 Conclusions

An extension of the ideal Seliger cycle is suggested as the model of
choice. Some results and observations for the Seliger cycle are given
below. For further results for the Seliger model and results for the other
models, please refer to Chapter [4.

Static Validation

An extension of the ideal Seliger cycle proved to give the best results for
static validation. With access to Tim, Wim, Wiuet, Pim and pep, the
Seliger cycle model estimates the exhaust gas temperature. When T¢,,
is varied (by changing the VGT , « and d) between 550 K and 950 K
at constant engine speed, static validations with model fit to engine
data show a maximum relative error of 2% (Table validations 3
and 4). With no fit to engine data and a chosen by S6 (Scania’s engine
control system), the same model show a maximum relative error of 5%
(Table E3] validation 2). When « is not chosen by S6, but changed
manually, relative errors up to 10% (Table validation 1) can occur
when there is no fit to data. As the engine runs with « chosen by S6
this is not a problem at the engine speed chosen for validation.
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Dynamic Validation

With the simple low-pass filtering of Tep, moq all the tested models
have about the same dynamic behaviour during load transients. The
conclusion to be drawn from this is to use the model with the best
static validation results which is the Seliger cycle model.

5.2 Future Work

This section suggests topics for future work with the different models.

Cylinder Wall Temperature

None of the models take heating/cooling effects of the engine into ac-
count during transients. A dynamic model for the cylinder wall tem-
perature would here be useful, but not easy to make. Such a model
could, besides giving better dynamic behaviour, also help estimating
the heat transfer better for the energy balance model. Inspiration to
such a model can be found in ﬂa]

The Ratio of Fuel Consumed during Constant Volume

The ratio of fuel consumed during constant volume (z.,), in the Seliger
cycle model, is in this work set constant. A model for z., that changes
with e.g. SOC should give better results overall, and maybe give an
explanation to the bad results when « is not chosen by S6 (for when
there is no fit to data). Further studies of measured engine cycles should
be of help to model x,.

Engine Torque

Ideal cycle calculations can, theoretically, quite easy give the engine
torque. When doing this for the Seliger cycle model with constant z.,
there was no good agreement between measured and calculated engine
torque. With a better model for x., this should be a good approach in
estimating the engine torque.
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Notation

Table 5.1: Symbols used in the report.

Symbol  Value Description Unit
a Act Start of injection degrees
v ey — -
ATater Var Difference in cooling water temperature
before and after the engine K
1) Act Amount of injected fuel kg/stroke
n - Compensation factor
for non ideal cycles —
cp Con Specific heat capacity
at constant pressure J/(kg - K)
Cy Con Specific heat capacity
at constant volume J/(kg - K)
M, Var Engine torque Nm
Ne Var Engine speed rpm
ng 2 Revolutions per cycle —
Neyi 6 Number of cylinders -
P Var Pressure Pa
quv Con Heating value J/kg
Qin Var Specific energy content of
the charge per unit mass J/kg
Q Var Energy J
Q Var Power w
T Var Temperature K
v Var Specific volume m3/kg
1% Var Volume m?
w Var Mass-flow kg/s
Tew Con Ratio of fuel consumed
during constant volume -
T, Var Residual gas fraction —
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Notation

Table 5.2: Abbreviations used in this report.

Abbreviation Explanation

Con
Var
Act
EGR
SOC
rpm
VGT
IC
S6
OBD

Constant

Variable

Actuator

Exhaust Gas Recirculation
Start Of Combustion
Revolutions Per Minute
Variable Geometry Turbine
Intercooler

Scania’s engine control system
On-Board Diagnostics

Table 5.3: Indices used in this report.

Index

Explanation

em
im
oc

sc

tp

ht
1-8
meas
mod

Exhaust manifold

Inlet manifold

Otto cycle

Seliger cycle

Torque production

Heat transfer

Different states in ideal cycle
Measured

Modelled




Appendix A

Ideal Cycle Calculations

A four stroke diesel engine goes through four different strokes during
an engine cycle: intake, compression, combustion and exhaust stroke.
This cycle can be modelled with different ideal cycles and will in this
appendix be exemplified by the ideal Otto (constant volume cycle) and
Seliger cycle (limited pressure cycle). Similar calculations to the ones
made in this appendix can be seen in e.g. E, |E] They will here be
presented for each state of the ideal cycle, but not always explained.
The general assumptions in the following sections are that the gases are
ideal and that ¢, and ¢, are constants. Just as a comparison with the
ideal cycle models presented in this chapter, a measured engine cycle,
Figure [AT], is included. Consult the Notation when needed.

A.1 Otto Cycle

The indices in the equations below refer to the different states in Fig-

ure [A2

Compression (1-2)

P2 =p1 (%)7 (A.1)

Combustion (2-3)

Wirwetquv (1—2,)
r

Qin =
" Wzm + quel
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Measured cycle (a) Magnification (b)

Pressure (Pa)
Pressure (Pa)

e

Volume (m%)

Volume (m%)

Figure A.1: p-V diagram for a measured cycle (a) with a magnifica-
tion of the intake and exhaust stroke (b).

Ideal Otto cycle (a) Magnification (b)

Pressure (Pa)
Pressure (Pa)

Volume (m%) Volume (m%)

Figure A.2: p-V diagram for an ideal Otto cycle (a) with a magnifi-
cation of the intake and exhaust stroke (b). AS pem > Pim, ps and pg
are higher than p; and p; respectively.
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Gin
= 1+ — A3
D3 p2< +ch2> (A.3)
T3 =T, + — (A4)
Cy
Expansion (3—4)
-
v
Da = D3 <—3> (A.5)
vy
v—1
Ty =T, (”—3> (A.6)
V4
Blowdown (4-5)
D5 = Pem
1—1/y
Ty =Top = Ts (pem> (A7)
y2
Exhaust (5—6)
D6 = Pem
Tﬁ - Tem

At state 6 there is some residual gas trapped in the cylinder. This mass,
m,, divided by the total mass of the gas in the cylinder at e.g. state
4, my is called the residual gas fraction z,. Using the Ideal gas law at
state 4 and 6 gives

(A.8)

Ty =

m:@em&:E«ﬁ)l”
me Vi pa Te Vi \pa '

Intake valve opening (6-7)
P7 = Pim

T7 = Tem
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Ideal Seliger cycle (a) Magnification (b)

3a 3

Pressure (Pa)
Pressure (Pa)

Volume (m%) Volume (m%)

Figure A.3: p-V diagram for an ideal Seliger cycle (a) with a magni-
fication of the intake and exhaust stroke (b). AS pem > Pim, ps and pg
are higher than p; and p7 respectively.

Intake (7-1)

D1 = Pim (A.9)

Ty =z Tern+ (1 —2,.)Tipn (A.10)

Using (A7), assuming that vy = v; and v = v, with (A, (A2),
(A.3), (A4), (A3), (A.L) and (A.9) gives

/v
1=1/y ,
T =T, <p*fm> 14 —2n | (A.11)
plm Cle (z_;)

Using (A-R)), assuming that vy = vy, V5 = V5 and v3 = vy, with (AT,
(A2), (A3) and [(AF) gives

—1/v
2, =2 (pem>m 14— Tn (A.12)
" U1 \ Pim coTh (0_1)7*1
vo

(A10), (A11) and [(ATI2) are the same as (B.8), (F3) and (B except

that (B.3) has a factor 7,. to compensate for non ideal cycles.

A.2 Seliger Cycle

The indices in the equations below refer to the different states in Fig-

ure [A31
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Compression (1-2)

V1 v
D2 =1 <—> (A.13)
(%]
v\ "
Ty =T, (—1> (A.14)
(%]

Constant volume combustion (2—3a)

Wrwetquv (1—2,)
r

fin = Wzm + quel
P3a = P2 1 + din ey (A15)
ch2
T3, =Tz + qcllmcv (A16)

v

Where z., is the ratio of fuel that is consumed during constant volume
combustion. The rest of the fuel is assumed to go to constant pressure
combustion.

Constant pressure combustion (3a—3)

P3 = P3a (Al?)
Ty = Ty 22 (A.18)
U3q
Ty = Tso + L1 = 2,,) (A.19)
Cp
Expansion (3—4)
.
P41 =Pp3 <U—3> (A.20)
V4
vy )"
T, =T <—3> (A.21)
V4
Blowdown (4-5)
D5 = Pem
1-1/v
Ts =Tep =Ty (pem> (A22)
yz2
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Exhaust (5—6)

D6 = Pem
T6 = Tem

Intake valve opening (6-7)

P7 = Pim
T7 = Tem
Intake (7-1)
P1 = Pim (A.23)
Ty = 2, Tom + (1 — 2,)Tim (A.24)

Using (A22)), assuming that vy = vy and v3, = ve, with (A13]), (A14),
(A139), (A.16), (A17), (A19), (A20), (A.21) and (A.23) gives

1/v—1

1—1/y =1 .
T, = <pem> ('U_2> 1+ in e "
DPim U1 e T (vl)
v41l

v2
¢ Co Vs
(A.25)

Using (A.18)), assuming vs, = vo, vz, with (A1), (A16) and (A19)

gives

@
T C(-wa) | (A20)
Cp <qc: Tey +T1 (z—;) >

Using (A.8), assuming that vy = vy and Vg = Vs, with (A13), (AT14),
(A1) and ([(A20) gives

vz=1v | 1+

-1/~

1/ .
Ty = %v—2 (pe_m> 1+ qlin_ll'cv . (A27)
U1 V3 \ Pim e, T} (0_1)7
v Vo
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With simple calculations it is obvious that the Otto cycle is a special
case of the Seliger cycle with z., = 1.

(A24), (A2Z5) and (A27) are the same as (B.8), (1) and (3:12)

except that (3:I1) has a factor 7s. to compensate for non ideal cycles.
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