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List of terms

DF — dual-fuel engine, the gaseous main fuel is ignited by the pilot diesel fuel;

CI — compression-ignition (or diesel) engine;

ICE — internal combustion engine;

OTS — open thermodynamic system;

SI — spark-ignition engine;

Project — the separate file for input data and calculations results for the current
engine;

Template — the pre-setup for calculations, example of the initial data setup for
given type of engines;

User — the registered customer of software



1. Overview of the Blitz-PRO program.
1.1. Main definitions, features and application.

Blitz-PRO is the on-line simulation software for the Internal Combustion En-
gine operating cycle synthesis. It’s available via the Internet Browser and doesn’t
have any installation distributive or local files.

The general idea is that the User creates its own profile (with unique login and
password) and is able to create and manage projects for solving different tasks of ICE
operating cycle simulation. The necessary input data for calculations execution as
well as results of calculations are stored in Database, so the User can get immediate
access to any project from any device under his profile credentials. To accelerate an
initial setup of each Project the set of templates is suggested. Each template corre-
sponds to some engine type and/or type of calculations, so the User approaches the
stable calculations much faster.

Fig. 1.1.1. Blitz-PRO offers easy access to projects and calculations from any device
with internet connection and web-browser support.

Blitz-PRO offers the following simulation options (the red font indicates op-
tions, which currently are under development):

1. Fuel ignition type:
Compression-ignition engines:
. direct multiple fuel injection;
. indirect fuel injection;
. HCCI combustion,
Spark-ignition engines:
. premixed;
. direct incylinder fuel injection,




Dual-fuel engines:
. premixed gas-air mixture;
. gas direct injection.
2. Stroke type:
Four-stroke

Two-stroke:
. loop-scavenging;
. uniflow-scavenging;
. opposed-piston scavenging,
Hybrid-stroke:
. eight-stroke (1 combustion for 4 crank revolutions);
. two-four-stroke switching.
3. Type of crank mechanism:
. conventional crank mechanism;
. ellipsograph-type crank mechanism,;
. random piston motion law,

4. Supercharging:
Single-stage:
. turbocharger;

. driven supercharger,
Register :
. turbochargers;
. mechanical superchargers;
. turbocharger + mechanical supercharger,
Two-stage:
. turbochargers for 1% and 2™ stage;
. turbocharger for the 1% stage and mechanical charger for the
2" stage;
. turbocharger for the 2" stage and mechanical charger for

the 1* stage.
5. Transient simulation:
Type-of-load apply:
. vehicle application:
mechanical gearbox;
automatic gearbox;
variator gearbox,
. ship application:
direct & geared fixed pitch propeller,
direct & geared controllable pitch propeller,
electric gear;
. test-bench application.
Turbocharger control:
waste-gate dynamics;
variable turbine’s nozzle dynamics




The technological structure of the Blitz-PRO service contains the server’s side
and the User’s side. The server’s side includes Database, the Calculation Core and the
Server’s Side of Web Application. The User’s side contains web browser and the
stored files with results of calculations. The interactions between all these compo-
nents are shown on the Fig. 1.1.2.

Simulation Core contains the routines of mathematical models for synthesis of
the ICE operating processes. These routines are compiled into JAVA .war file. The
initial data for calculations and the calculations results are stored in the Database. The
Database also interacts with Web Application, performed under Zend Framework
Environment (see Fig. 1.1.3 for the Web Application structure).
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Fig. 1.1.2. The technological structure of the Blitz-PRO service.

Fig. 1.1.4 illustrates the projects managing by the User. The User can create,
open and delete the Project, also he can save it by another name. The real Databese
structure differs from the structure shown in Fig.1.1.4 and contains separated tables
for projects, initial data (several tables) and calculation results (several tables).
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1.2. Equations and references

Blitz-PRO offers operating cycle synthesis for various configurations of ICE

engines. Nevertheless for any engine configuration the basic approach remains the

sSame:

the engine is divided into couple of open thermodynamic systems (OTS),

which interact each with other by energy and mass exchange processes.
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Fig. 1.2.1. Division of the engine layout into interacting open thermodynamic sys-
tems for the case of diesel engine with controllable two-stage turbocharging.

gine”

Figure 1.2.1 illustrates the approach of general thermodynamic system “En-
division into number of interacting open thermodynamic systems for the case

of diesel engine with controllable two-stage turbocharging. The actual layout depends
on engine’s operating cycle type (two-stroke, four-stroke), configuration of super-
charging system, etc.

For open thermodynamic systems the universal set of equations is used. These

equations are based on the concepts of the first-law of thermodynamics, equality of
working gases properties for each point of the volume (0-D approach), gas-state law



and mass balance equations. The example of the open thermodynamic system is
shown on Fig. 1.2.2 for the engine cylinder.
The first law of thermodynamics is expressed as:

{dlfuel + % d]j J+ 00 comb n nzzz 00\l _ Cvm]{%%_'_ dmﬁwl]+cvmd—T+ mT d(cv)T + pd—V ,
do 7 do do 7T do dp  do de do do
where dlj./do, dI;/de — the rate of enthalpy change due to fuel evaporation and due
to mass exchange processes, 0Q...,/d@ — heat release rate due to fuel combustion,
00,an/dp — heat transfer rate to the walls of the system, dmy,.,/d¢, dm;/de — fuel mass
flow and gases mass flow, n; — number of the interacting thermodynamic systems,
involved into mass exchange process, n, — number of walls, involved into heat trans-
fer process, p, T, V, m — pressure, temperature, volume, mass of the gases mixture in

the OTS, c,, c¢,, — actual and average isochoric specific heat capacity.

Boundary of the
— thermodynamic
system
8Qliner <: :| dIﬁl@l 6Qcomb |: 8 Ql’iner
[ l
e e
Mieak
d]leak E‘)Qpiston %

Fig. 1.2.2. Example of open thermodynamic system.

The thermodynamics first law equation is completed with the mass balance
equation and with the gas-state equation:

m
dm =73 dm; +dm e ;
1

pV=2"Rr,
1)
where Z is compression factor, calculated by the Berthelot equation:

Z=14—Z[1-8 )
1280\ @*

where © = p/p.,.;; — relative to critical pressure, 0 = 7/T,,; — relative to critical tempera-
ture (see table 1.2.1).
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Fig. 1.2.3. Two-zone models for compression-ignition (a) and spark-ignition (b)

combustion processes, two-stroke engines scavenging (c¢) and intake manifold burned

gases reflux (d).
I — burned gases zone, II — fresh mixture zone




Table 1.2.1
Gas parameters in critical point, used in Berthelot equations

Gas DPerits MPa Tcrita K
N, 3.39 126.05
O, 5.04 154.35
H, 1.3 33.25
CO 3.5 134.15
CO, 7.35 304.15
H,O 22.13 647.35
CH,4 4.626 190.77
C;Hg 4.32 370
CH;0H 8.103 512.65
C,Hs;OH 6.3 514.15
Air 3.77 132.45
Petrol 1.633 570.3
Diesel oil 1.63 733

The specific heat of the gases mixture is calculated by Dalton’s law, while the
specific heat of each component is given by polynomial regressions, kJ/(kmole-K):

Air: ¢,, = 5,52411 -10° T° - 5,726799 -10 ° 7> +2,375597 -10 "'T7*— -
4,951694 -10° 7° +5,1761 <10 T2 —1,9099 -10 2 T+ 23,005, R =0,99999;

COy: ¢y, = —-3,5902 <10 T ° + 4,11717 10 ° 7> — 1,9643 <10 "' T * +
+5,14242 -10° 73 - 82174 -10° T* +8.2126 -10 % T'+ 10.333, R*=1,0;

CO: ¢, = 6,66905 10" T ° — 6,87834 -10 ° T > + 2,838962 -10 "' 7 * —
—5,892362-10° T° +6,15177 10> T*—2,36488 -10 > T+ 23,739, R *=0,99998;

Hy: ¢, = —9,269363 -10™"° T ° + 8,875943 -10 "> 7> — 3,321498 -10 ''T * +
+6.043425 -10° T3 - 5368376 -10° T2 +2.34933 .10 T+ 16.878, R*=0,99981;

Ny: ¢, = 4,062159 -10™"° T ° — 4,487468 -10 > T° + 1,993208 -10 ' 7 -
—4,470124 -10° 72 + 5,053716 10> T*—2,08783 1072 T+ 23,56, R *=0,99999;

H,0: ¢, = — 4,897476 107 T °+ 3,447949 -10 "7 T° + 2,656956 -10 °T * —
—1,366663 -10° T2 +2,443866 -10~ T'* — 5,50647 10~ T+ 25,104, R *=0,99999;

0y: ¢y = 1,211498 -107"° 7° — 1,142445 -10 ™ T° + 4,197528 -10 "' T * -
—7,461907 -10® T° + 6,280219 10> T'*— 1,49757 -10 > T+ 21,623, R *=0,99984,
where R? — correlation factor.

Generally, for each open thermodynamic system the single-zone model is ap-
plied, that means the whole volume of the system is considered as homogeneous mix-
ture of gases. But for several cases shown on Fig. 1.2.3 two-zone model is also im-
plemented:

1. During combustion period to predict the burned gases and fresh charge temper-

atures for NO, and CO formation calculation (a, b on Fig. 1.2.3).

2. During scavenging period for two-stroke engines to predict correctly gas ex-

change processes (c on Fig. 1.2.3).



3. To consider burned gases reflux from the cylinder into intake receiver (d on
Fig. 1.2.3).

In the two-zone model the thermodynamic system is virtually divided into two
interacting thermodynamic systems. The general concept for two-zone model is the
equivalence of pressure for both zones and impenetrable flexible boundary surface
between them. Basic equations are based on the first law of thermodynamics:

n 1
(djﬁwl + Z de + dII—II j comb + Z é‘Qwall i 5Q1—II _
1

do dp do dp

n 1 !
_ clmTl(Z dmj + dmfuel J+clml a7’ wmlT! d(cv)r Lyl d_p;

P dp do "7 de do do
n 1 ny
Zaldl 1 1l Z vlv[allz 5Q1—11 —
— do 1 de
:cII’nTan}dm_jl +CHmH dT” IITII d(C )H +VII dp
S de dco do do’

where index “I”” refers to the burned gases zone, and index “II” — to the fresh mixture
zone, 00./de — heat transfer rate between zones, d/i;/de — enthalpy transfer rate
between zones.

These equations are used together with general single-zone equation, which is
used to find the pressure for the next time layer.

The mass flow between interacting thermodynamic systems is calculated on the
traditional quasi-steady method coupled with prof. Orlin approach to consider un-
steady effects.

The quasy-steady equations for gas flow velocity wy,;. from the volume with
higher pressure “1” to the volume with lower pressure “2” are:

k-1

5 &)
2k11RT;‘1—(”—ij ,if&<( 2} ;

k, — g P )2 k, +1
Wstatic =
2k N/ 2 [1%1]
! RﬂT] , if =L >| —— 5
k, +1 p, \k +1

33 32)

where k; is the adiabatic exponent, indicates total parameters.

To consider the unsteady phenomena the pulse conservation equation is used:
8w ow 1 op
Yo Ta pox
It is converted according to prof. Orlin method [1] and expresses gas flow ac-
celeration:

w

W[

b

d_W ~ Waatic "\ Wstatic| ~
dr 2L
where L is the “active” pipe length.
The active pipe length is to be set by the user for intake and exhaust
valves/ports (see section 2.5), but for many other cases (turbine, compressor, inter-




cooler, etc) it is assumed automatically (usually divisible by channel’s equivalent
flow diameter).
The mass flow is calculated as:

where pA4 — the effective flow area of the channel, p — discharge coefficient.

Heat transfer calculations are based on Newton’s law of cooling for quasi-
steady heat transfer model. According to this model the wall temperatures for both
hot and cold side are assumed constant and equal to their average values. Detailed
information about models for heat transfer is presented in section 2.2.

Heat release rate from fuel combustion is given by Wiebe equation for spark-
ignition engines and either Wiebe equation or by Razlejtzev mathematical model for
compression-ignition engines (see section 2.4). Dual-fuel combustion is calculated
with combined Wiebe-Razlejtzev model: the combustion of ignition fuel is calculated
by Razleitzev model and the main fuel combustion is given by Wiebe equation.

Transient simulation of engine operation is based on consecutive (cycle-by-
cycle) synthesis of engine’s indicated process. The mechanical dynamics of engine
and turbocharger is set with following equations:

dn _ 60 Pe_Pload.

dt Ty (njz ’
— | n
30

dnTC _ 60 Hurb _Pcompr

dt JTC o 2
— | N
(= e

where n, nyc — crankshaft and turbocharger rotor speed, P, Pioag, Puurbs Peompr — €D-
gine’s brake power, power of the load resistance, power of turbine and compressor
correspondently, J,,,, Jrc — reduced moment of inertia of engine, power consumer and
transmission referred to the crankshaft speed and turbocharger’s rotor moment of in-
ertia.

b

Fuel injection and combustion for transient engine operation is to be set by the
User with control maps *.csv files. For detailed information see section 2.7.



1.3. Getting started

To start the calculations the User needs to sign-in into application by clicking
on the button “Sign-In” and passing the registration procedure.

Please, log in  Register new user

Username:kiomed User name: new-user

Password: ‘ ..........

Password: |seses
Remember Me ?: E-mail: myemail@ukr.net
LLogin | country:  |ukraine
: : Company: |NUoS
Registration
Register
a) b)

Fig. 1.3.1. Registration of the new User.

The registration procedure starts by click on the button “Registration”. The Us-
er must fill all fields of the registration form. Please note that user name should con-
tain from 8 to 12 symbols, while password — from 8 to 20 symbols. Then the User is
to confirm the registration by pressing “Register” and to log-in into the Blitz-PRO
application. If you want the Browser save your credentials, check the “Remember
Me” option.

Getting started
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Create new project )
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Fill the project's name an¢

prc

Project name
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Select the templet
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High-speed 2str S1 engine

Low-speed 2sir dual-fuel engine

Create

Create new project

Cancel

Fig. 1.3.2. Creating new Project.




Click on the “Start working!” button redirects the User to the start-working
page, where he/she can create the first Project (by click on the button “Create new
Project”).

To create the new Project the User states its name, short description and choos-
es the template for the Project from the selection list at the bottom. Templates are the
set of calculations pre-setups for different types of ICE. Choosing the correct tem-
plate helps to make the initial model setup much easier. Templates for two- and four-
stroke, low-, medium and high-speed, compression ignition, spark-ignition and dual-
fuel engines are currently available.

Note, that the limit for project name is 24 symbols. Each Project gets unique id
number, so the User can create several Projects with the same project name. When
the Project is created it gets reserved space in the Database, so the every change of
any parameter is stored immediately in the Database, and there is no need for the Us-
er to save changes into the Project manually. At the same time, the undo/redo option
is not available.



1.4. Projects managing.

The User can create, open, delete and copy the Project from the “New”,
“Open”, “Seve as” buttons menu at the header of the main page.

Kinematics Heat Valves Fuel Charg

2017-08-07

Fig. 1.4.1. Projects managing bar.

The “New” button opens the same dialog, described in section 1.4 (Fig. 1.3.2.).

The “Open” button opens the table of the User’s Projects as it is shown in Fig.
1.4.2, sorted by the date of last change of calculations results. The Project is assumed
“changed” only when the User runs calculations, clicking “Calculate” button.

Open the project

Id Project Created Changed ¥ User
filter ||| filter column filter column. ||| filter column. ||| Chudak

361 DP(CDI)HFO p.3 20/01/2017 ... | 05/07/2017 ... Chudak

369 WG DP(DF)p.3 16/02/2017 ... | 05/07/2017 ... Chudak

181 +1 optimal 18/05/2016 ... | 03/07/2017 ... Chudak

371 WG DP(DF)p.2 16/02/2017 ... | 27/06/2017 ... Chudak

367 WG DP(DF)p.5 16/02/2017 ... | 16/02/2017 ... Chudak

368 WG DP(DF)p.4 16/02/2017 ... | 16/02/2017 ... Chudak ¥
{ »

Open Delete

Fig. 1.4.2. Open Project dialog.

Cancel

The User can sort Projects by any category (id, name, time of creation and last
change), clicking on corresponding column header. He can also filter the Projects
typing its id, name, etc.

To open the Project the User has to click on the Project from the list selecting
it, and then press the “Open” button below. He can also delete the selected project.
Note, that it is not permitted to delete active Project! The delete action cannot be un-

done!

The User can copy the Project by pressing “Save as” button (see fig 1.4.3) and
saving it with new name and description.



Project name -
New name

Comment

Copy of my previous project

« I

Fig. 1.4.3. Copy Project dialog.



1.5 Data import (.csv files structure)

For several cases Blitz-PRO offers to the User an option to import the data as
the table form. These cases are:
1. Setup of the user-defined kinematics of the engine piston.
2. Setups of the user-defined intake/exhaust valves lift law or intake/exhaust
ports area.
Setup of the user-defined fuel injection pattern.
Upload the performance maps for supercharging device.
Setup of the control maps for fuel injection or spark timing.
Setup of the user-defined ship resistance curve.
Import of the experimental data for engine transient operation.

NNk W

Technologically the data import is made with .csv files (comma separated val-
ues files). For all cases the .csv file has the same structure: the rows of the data table

66 9

are assembled in strings, with values for each column separated with comma *,” (see
Fig. 1.5.1 and 1.5.2):

X115X215 X315+ X1

X125%225%32 5. X2

X135X23,X33-Xp3

Xm>X2m>X3m s>+ Xnm-

650,0.0457,9.1,351.2
Nerank fuel Qinj Qinj.start 700, g .0547, 10. 3?352 8
rpm g/cycle c.a.d. c.a.d. 780,0.057,10.4,353.8
650 | 0.0457 9.1 3512 860,0.058,10.76,354.2
700 | 0.0547 10.3 352.8 940,0.0592,11.05,354.57
780 0.057 10.4 353.8 1020,0.0649,12.8,355.16
860 | 0.058| 10.76 | 3542 1100,0.0926,17.2,356.8
940 | 0.0592 | 11.05| 354.57 AES0L. DL AE00RE04IR 4T
1100 0.0926 17.2 356.8 1420,0.142,27.9, 359.41
1180 | 0.1283 22.8 | 358.57 1500, 0.1388,28,359.24
1260 0.1484 27.1 | 359.76 1580,0.1363,28.1,359.2
1340 | 0.145| 27.76 | 359.57 1660,0.1347,28.37,359.14
1420 | 0.142| 279 359.41 1233232122?}232250;4
1500 0.1388 28 | 359.24 1900:0.1294:28.8:359.05
1580 | 0.1363 28.1 | 3592 1969,0.1278,28.9,359.01
1660 0.1347 28.37 | 359.14 2060,0.1258,29,358.95
o 2140,0.1241,29.13,358.89
a) b)

Fig. 1.5.1 Example of .csv file structure for engine’s control map.
a) table with data, b) screen shot of .csv file from text editor.



Table 1.5.1 contains information about the structure of .csv files for several
cases, mentioned above.

Table 1.5.1
Structure of .csv files
Case: X1 X3 X3 X4 X5 X
Piston kine- | Param. 0 VIV,
matics* Units | c.a.d. -
. zint‘v .
Valve relative | Param. [ ¢ 5
hft* exh.v
Units | c.a.d. -
. Zint D,
Port relative Param. ¢ —
area* Aenp
Units | c.a.d. -
L Param. (0] c
Fuel injection™ :
Units | c.a.d. -
Control maps Param. Nerank Qfuel Oinj Oinj.start
for Clengine | Units | rpm g c.a.d. c.a.d.
COHtI’Ol maps Param. Rerank Aehr Qcomb.start Ocomb Meomb o
for STengine | Units | rpm - c.a.d. c.a.d. - -
Reranks
Param. T nTCEf o
Transient data P Hint
from experi- Dmax
ment $$’
Units S kPa, kPa,
kg/s, kPa
¢ — crank angle revolution, V/V; — relative displacement volume, ¢ — relative injected
fuel mass, neqi — crankshaft speed, gue. — amount of fuel, injected per cycle,

@in.stare — fuel injection start, . — throttle pressure drop, Qcomp s — start of combus-
tion, Q.,.p» — duration of combustion, m,,,, — Wiebe function exponent, o — air excess
ratio, T — time from transient start, nyc — supercharger speed, p,, p, — intake receiver
and exhaust manifold pressures, G;,, - !intake mass flow, p,.x — maximum pressure.

* - the range of @ is to be [0, 360/y], including ¢ = 0 and @ = 360/y (y — stroke factor,
equals 0.5 for four-stroke and 1.0 for two-stroke engines).

The .csv file for performance maps of the mechanical compressor or the turbo-
charger has its special structure and is to be formed with special software for generat-
ing, interpolating and extrapolating of the compressor and turbine characteristics.



The User can create .csv file with any text editor, or with special software (for
example Microsoft Excel supports conversion of its electronic tables to .csv (MS-
DOC) files. Please, make sure, the .csv file has the proper structure and extension!

Duration of injection

Fuel mass injected per cycle

Depends on engine control strategy Depends on engine control strategy
0.175 35
| == Fuel mass s~ [njection period

=015 = 30
1)
z %
é 0.125 ; 25
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3 -]
prus €
s 0.1 4 20
5
E ours ¥ 15
E €
c
- 005 10

0.025 5 . =

Ok Tk 2k 3k 4k Ok 1k 2k 3k 4k
Crank speed (rpm) Crank speed (rpm)
Highcharts com
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Injection timing

Depends on engine contral strategy

362.5
~a= |njection start

360
T
-

= 3575
=
i
=

5 155
P
]
2

352.5

350

Ok 1k 2K L 4k

Crank speed (rpm)
Highcharts com

Fig.l 1.5.2. Diesel engine control maps .csv file visualization.



2. Calculations setup

The User sets the basic engine configuration on the main

Kinematics Heat Valves Fuel Charge Transient Report

Login

2017-12-30 18:57:00'

MARK OF THE ENGINE:
Q{} CALCULATE
IGNITION TYPE: Compres

Fig. 2.1. Click the Blitz-PRO shortcut to navigate to the main page.

The type of ignition includes three options: compression-ignition, spark-
ignition and dual-fuel ignition. The last is the case when gaseous fuel is ignited with
diesel fuel pilot injection. The User should also choose between two-stroke and four-

stroke operating cycle (eight-stroke cycle is currently not supported).
MARK OF THE ENGINE: | Wartsila RTA58B Spark-tlgnituon

IGNITION TYPE: Compression-ignition - Compression-ignition

Compression-ignition, dual-fuel
OPERATING CYCLE TYPE: Two-stroke

THE TYPE OF CALCULATION: Fuel mass per cycle

MARK OF THE ENGINE: | "Wartsila RTA58B |
IGNITION TYPE: Compression-ignition

Two-stroke
OPERATING CYCLE TYPE: Two-stroke - Four-stroke

THE TYPE OF CALCULATION: Fuel mass per cycle - I

Fig. 2.2. Ignition type and operating cycle type options.

Synthesis of diesel engine operating cycle is available for three initial condi-
tions: by setting of injected mass of fuel, by setting the value of the air excess ratio
and by setting the desired brake power output. For spark-ignition engines and for du-
al-fuel engines there is the only option: to set the value of air excess ratio.

MARK OF THE ENGINE: | Wartsila RTA58B
IGNITION TYPE: Compression-ignition

OPERATING CYCLE TYPE: Two-stroke
Air excess ratio

THE TYPE OF CALCULATION: Fuel mass per cycle ~ | | Brake power
. . ) Fuel mass per cycle
arameter | Data | Units Caption [
MARK OF THE ENGINE: 4FS 9.2/6.1
IGNITION TYPE: Spark-ignition

OPERATING CYCLE TYPE: Four-stroke

THE TYPE OF CALCULATION:

Fig. 2.3. Calculations modes for CI engines (above), SI and DF engines (below)



Most of parameters in the list of input data on the main page have duplication
on the corresponding pages (“Kinematics”, “Heat transfer”, “Valves”, “Fuel and
combustion”, “Supercharging”, “Transient”).

Exceptions are made for throttle plate pressure drop ratio 7y, currently avalible
for spark-ignition engines only, and for relative volume of burned gases ,. pyneq (Only
for two-stroke engines), which can be set exclusively from the main page.

Throttle plate pressure drop ratio y,, is the ratio between absolute pressures be-
fore and after throttle plate. In the case of supercharged engines it is assumed, that
throttle plate is placed before compressor.

The value of y, 4,eq 18 Used to trigger between two-zone and single-zone gas-
exchange model for two-stroke engines. If the fraction of the burned gases drops
lower than v, ,,...s, the calculations of scavenging switch to single-zone model (fast
mixing model). For different scavenging systems the recommended values of ¥, yumeq
are: uniflow scavenging 3...15 %, ports scavenging 2...14 %, crankcase scavenging
10...30 %.

DR TR
o] %}q

Fig. 2.4. Types of two-stroke engines scavenging:
Ports scavenging: a) cross-flow; b, ¢) loop;
Uniflow scavenging: d) with exhaust valves; e) opposed piston.



2.1. Kinematics and dynamics setup.

The page “Kinematics and Dynamics” serves to configure engine’s main geo-
metrical properties: cylinder bore, piston stroke, number of cylinders, geometrical
compression ratio.

BRZCULgl Opposite pistons Conrod free Other Mechanism of main motion
Parameter Data Units Caption
D, [ 108 mm Cylinder bore
Soat [ 127 mm Piston stroke
4 = Number of cylinders
£ ' 17 - Geometrical compression ratio
HFjasi [ i mm?2 Piston&Rings equivalent leakage area
Necin Il 0.25 . | Crank ratio
ratio between crank radius and connection rod length
Koist - Relative eccentricity of 1’19 crank
ratio between piston pin eccentricity and crank radius
Mose ' 5 kg Total oscilating mass

check the value of the oscilating mass, reffered to the pision surface fiow-speed 2500, 6000, medium-

| | speed: 1000...3000, high-speed: 200...700], kg/m*: 428.7
Mt 6 kg Total rotational mass
ive of the rotatinal mass, reffered (o the piston surface [low-speed: 700... 12000, medium-

speed ‘f:‘ 2500, high-speed: 300...1200], kg/m?: 514.4

Fig. 2.1.1. General view of kinematics page.

The following types of piston kinematics setup are supported: 1) central and
deaxised crank mechanism, 2) opposed-piston central and deaxised crank mechanism,
3) ellipsographical conrod-free mechanism and 4) define the piston kinematics direct-
ly, skipping calculations of main motion mechanism kinematics. The radio button set
at the top left corner of the page is used to choose the proper type of setup.

By pressing button “Mechanism of main motion”, the User can view the pic-
ture with description (see Fig. 2.1.2).

The fallowing equations are used:

crank

zg— connecting rod (or crank) ratio;

k. =% — relative eccentricity of the crank.

pist

For central and deaxised crank mechanism:

o(0)=R (1_ ! J -

\/1 Al sm(p kpm) —CosQ |;

crank crank
V((P) — 7ZD52yl Spist + ﬂ-Dczyl S((p)
4 ¢-1 4 ’

where s — piston travel; V' — cylinder volume.

Please note! The User setups the piston stroke Sy, so the crank radius R is cal-
culated by the program to provide this value of the piston stroke. In the case of cen-
tral crank mechanism R = S,,;,/2, but it is different for deaxised mechanism. The cal-
culated crank radius is displayed on the “Report” page.




Crank

( : Opposite pistons

| Conrod free x | Displacement volume change vs crank angle

Instantaneous relative displacement volume - Vg

Fig. 2.1.2. Types of main motion mechanism kinematics setup.

For the conrod-free ellipsographical mechanism the sinus piston motion law is

utilized:
s(¢)=R(1-cosp).

The User can also upload custom piston motion law choosing the option “Oth-
er” and attaching the .csv file (see the instruction in section 1.5).

Dynamics calculation setup considers only two parameters: oscillating mass
M, and rotating mass m,,,. These parameters are used for the inertial forces calcula-
tions. The oscillating masses include the mass of the piston, gudgeon pin, piston rings
and connecting rod oscillating mass (generally 33 % of the conrod total mass):

Mose = mpist + mpin + mrings + M conrod.ocs.

The rotational masses include the unbalanced rotational mass of the crank and

rotational mass of the connecting rod (generally 67 % of the conrod total mass):

Myor = Merank.rot + Monrod.rot



2.2. Heat transfer setup.

The “Heat-transfer” page serves to configure the engine friction losses, heat
flow from the intake receiver, exhaust manifold and incylinder fluids to the corre-
sponding boundary walls.

Engine’s friction losses include: friction between the piston rings, piston skirt
and cylinder wall; friction in the wrist pin, big end, crankshaft, and camshaft bear-
ings; friction in the valve mechanism; friction in the gears, or pulleys and belts,
which drive the camshaft and engine accessories and losses to drive engine accesso-
ries (the fan, the water pump, the oil pump, the fuel pump, the generator, etc.).

All the friction losses dissipate as the heat and then are rejected to the cooling
agents (air, water or oil).

The pumping work of the gas-exchange strokes of the four-stroke engines and
the work of driving the mechanical supercharger are excluded from the friction losses
setup and considered separately.

The following equation for friction mean effective pressure is utilized:

Cplt
Pp=a,+b,p, +ms
where aj., by, ¢; — empirical coefficients: a; — considers the static friction losses and
solid friction components; b; — helps to estimate the impact of incylinder maximum
gas pressure on the friction losses value; c¢; — 1s used for correlation of the friction
losses with the engine speed.
Approximate values of the coefficients are given in the table 2.2.1.

Table 2.2.1
Friction equation coefficients
: ag by Chr
Engine type kPa | kPa/MPa | kPa/rpm
Low-speed CI and dual-fuel 18...50 3...5 15...40
Medium-speed CI and dual-fuel 40...90 4...7 30...55
High-speed CI 45...95 4...8 30...60
High-speed SI 35...75| 4.8 20...50

The incylinder heat transfer calculation is based on 1-D quasy-steady simpli-
fied approach. Newton's law of cooling is used for calculations of instantaneous heat
flow dQ,,.; to the wall:

dQ,.. = a’gasF (T -1

wall)dr )
where a,,, — heat transfer coefficient from incylinder gases to the cylinder wall, F' —
wall surface area, T,,,; — the wall surface temperature.

For heat transfer coefficient calculation the Woschni equation is used [2]:

A (lOp)O’S C (p_pmot)VsT "
T°%p, " 1000py |

where A4, C,, C, — coefficients, p,,,; — incylinder pressure at motored running condi-
tion.

gas =



Coefficient A4 is in the range of 90...128, tending to decrease with the lower
engine speed. Coefficients C; and C,:

C=6.18 + 0.417¢,/c,, — for gas exchange processes;

C1=2.28 + 0.308c¢,/c,, — for compression and combustion processes;

C, = 6,22 K — for indirect combustion systems (swirl chamber, pre-chamber);

C, = 3,24 K' — for quiescent combustion chamber,
where c; — the tangential velocity of the incylinder vortex (could be assumed ¢, = 0
for four-stroke engines without vortex generators at the intake ), c¢,, — mean piston
speed.

Table 2.2.2
Values of coefficient 4 of Woschni equation
Engine type A
Low-speed CI and dual-fuel 60...100
Medium-speed CI and dual-fuel 90...130
High-speed CI 100...140
High-speed SI 120...220

The average wall surface temperature 7., for cylinder head, piston head and
manifolds is calculated on the assumption of quasy-steady heat-transfer process. The
value of T, 1s assumed constant for the entire operating cycle (the oscillations in
the range of 5...40 °C are neglected), while the heat transfer coefficient from gases to
wall and the temperature of the gases are assumed as resulting values. The following
equation is used:

km (Tgas,res - Tw )
gas.m

The resulting heat transfer coefficient for gases oy, ,» and resulting gas temper-

ature T g, s are calculated for the entire operating cycle as:
1 720 720

r..=——"[a, Tdp,a,, B6=——-
gas.res 720(1gas‘m '(')‘ gas (P gas.m 720 f

and the mean heat transfer coefficient from the gas and cooling fluid %, is assumed on
the basics of steady heat-transfer equations:

{qm =k, (T — T, ); _ |

T

wall.m — T gas.res

o gas d(P9

k

m s
Qm = U’gas.m (Tgas.res - Twall.m )’ 1 + 8wall + Rwall + 1
a

gas.res wall w

where ¢g,, — specific heat flow; a,, — resulting heat transfer coefficients from cooling
surface to cooling fluid respectively; T, — resulting cooling fluid temperature; ,,.; —
wall thickness; R,,.; — wall thermal resistance.

For the cylinder liner the wall’s temperature gradient is considered. The simpli-
fied approach includes cutting the liner to a number of slices (N > 20) and calculation
of the mean hot wall temperature for each slice separately with the same quasy-steady
method, described earlier:



360-¢, 720-¢,

360-¢g, 720-¢,
J.agasd(p—}_ Jagasd(p I(lgaSTd(p-f- J-(xga,STd(p
a % ¢, +360 T S 9, +360
gas.mi 72 0 2 gas.res 7200 2

gas.mi

where o,,, — heat transfer coefficient from incylinder gases, ¢, — crank angle of the
current cylinder slice opening.

The example of the calculated cylinder liner hot surface temperature is shown
on the fig 2.2.1. This diagram is available from the “Report” page.

Liner temperature distribution x

Cylinder liner temperature distribution by piston stroke =

atic aata
\ -o- Liner tempr

Fig 2.2.1. Temperature distribution on the cylinder liner hot surface.

To provide the calculations the average wall thickness for the piston, cylinder
head and liner together with heat conductivity coefficients of their materials must be
stated (see Fig. 2.2.2 — these pictures could be displayed by clicking the “Heat trans-
fer to the cylinder walls” button).

To consider possible soot or deposits coating on the hot or cooling side of the
corresponding wall, the User can choose the value for additional thermal resistance R
(as an example: 0.25 mm soot layer provides R ~ 4 m> K/kW).

For air receiver the walls temperature is predicted with fallowing equations:

T =T +a,T. +b, for conventional receiver, and

wall.int int” s int

Twall.int = 7—; t+a 7; +bint
where a;,;, b;,, — coefficients, T, T, — average fresh charge and exhaust gases tempera-
ture correspondently.

The heat transfer coefficient from the fresh charge to the receiver walls is given
by the equation:

for receiver with heating from exhaust manifold,

int

0.67
Qint res — 47260- Cim(l%‘oj ];—0.919 ,

where C;,, = 0.2...1.2 — correction coefficient.



Fig. 2.2.2. Examples of average walls thicknesses estimation for two-stroke (@)
and four-stroke (b) engines.

For exhaust manifold heat transfer calculations two options of manifold design
are supported: manifold without or with solid insulation and the manifold with water
jacket insulation (see Fig. 2.2.3).

The heat transfer coefficient from the exhaust gases to the exhaust manifold
walls 1s given by the equation:

A
a,, = 0.188- Cexh iReo.ﬁ

9
exh.eq

where C,,;, = 0.2...1.2 — correction coefficient, Az; — heat conductivity coefficient for
exhaust gases, d, .,y — €quivalent exhaust manifold diameter, Re = deyj oqv' Wexn/ VEG —
Reynolds number for exhaust gases flow.

I 1
. Collector without flue x i

) air

Fig. 2.2.3. Exhaust manifold cooling options:

with solid insulation (left) and with air insulation and water jacket (right)
Note that heat transfer coefficient is proportional to Re”®’, so with the rise of
the exhaust gases speed the heat transfer to exhaust manifold wall intensifies. To
keep it in the limits change manifold equivalent diameter.

In the case of the exhaust manifold with water jacket, the heat transfer coeffi-
cient from the air layer to the walls is taken proportional to the ot.:

O = Cg/aaexh’

where Cg, = 0.2...1.2 — correction coefficient.



The exhaust manifold average wall temperature is calculated identically as the
temperatures of the incylinder surfaces, so the wall thicknesses, heat conductivities
and additional thermal resistance due to deposites must be given by the User.

For the cooling side of engine’s parts the approximate values of heat transfer
coefficients are given in table 2.2.3.

Table 2.2.3
Values of heat transfer coefficients for the cooling agents
Type of : Oy

cooling agent Cooling method kW/(m*-K)
Water Free convection 04...2.0
Forced convection 1.0...4.0
Nucleate boiling 2.0...10.0
Antifreeze (wa- Free convection 0.3...1.5
ter/ethylene gly- Forced convection 0.75...3.0
col 50/50) Nucleate boiling 1.5...7.5
Oil Spray cooling 0.2...2.0
Circulation cooling 0.8...2.0
Shake cooling 1.5...35
Air Free convection 0.03...0.1
Forced convection 0.05...0.5




2.3. Gas exchange devices (valves and ports setup).

The page “Valves and ports areas” serves to configure the gas exchange devic-

es effective flow areas change with the crank angle progress.
Two types of gas exchange devices are supported for the two-stroke engines:

valves and ports. For four-stroke engines valves are the only option.
Intake valve dimensions Esinennd idnshdonte e A A

A dim.s ! @

N RO <1l (5B | int.v.sp | |
1 i
int.v.f Bint.p_‘ 1 \ T

' - 1 |
/ ] \ \ 1 : %
O T

|
|

NG\
int.y

= .
B..

LY .
int.v.
in t. D

a) b)
Fig. 2.3.1. Gas-exchange devices options:
a) valve; b) ports.

Effective flow area A could is defined as a product of geometrical flow area

Ageom and the discharge coefficient p,: 4= WA geom.
For valves the geometrical flow area could be calculated via two different

equations, depending on the value of the instantaneous valve lift 4,():

if h(9) < b,/sina,,:
Ageom (¢)) = ﬂhv ((p) COoS av.x (dvf + OShv ((P) Sin(zav.x ))’

if (@) >b,/sinq,
Ay, (@) =0.57(d, + D )\/ M +(n(9)-0.5(D, -d, , Jtana,, J.

For discharge coefficient the regression is applied:
h,(9)—b,/sina
(@) =096—q, MO =0ISNG,
d,,
where a,, 1s the coefficient which is calculated from the equation:
_ (0'96_/’lv.min)dv.f

u . 9
h, . —b /sina,

where W, i» — minimal value of the discharge coefficient (at the valve maximum lift).
The recommended value for y, i, is calculated for the User at the caption field

(see Fig. 2.3.2). The calculations are based on experimental data (see Fig. 2.3.3).

Mint v 056 - Minimal value of tf e coefficient
:: ~ =
INTAKE VALVE TIMING

Calculate Load

25 deg Intake valve opening before crank TDC

e Flg 2 3.2. Recommended value for minimal discharge coefficient.
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Fig. 2.3.3. Discharge coefficients in relation with valve relative lift
o = (h, - b,/sina, )/d,[3]: a) — intake valves, b) — exhaust valves.

If calculated value of effective flow area 4A(¢) is smaller than the effective area

of the valve pipe 4,,., then it should be equaled to this area:
2_ 2

A, = 0.95n%d”p,

pipe
if A(p) = MV((P)Ageom((P) > Apipe’ then A(¢) = Apipe'

Notice that predicted reasonable value of the valve lift (Fig. 2.3.4.) is calculat-
ed from equality A(¢) = 4., but actual valve lift could be chosen 10% greater, than
predicted.

Rints 22 mm Valve maximum lift
| predicted reasonable valve lift, m @
Uity 5 60 deg Valve seat angle

Fig. 2.3.4. Assistance for reasonable valve lift.

To synthesize the valve opening and closing law the following functions are

used:
420

b

valve opening: h,(¢)= O.Shv[l — cos(
Pvors

valve closing: i, (¢) = O.Sh{l + cos[ o~ (0vc =~ Gves ))D ,
Pyt
where ¢@yo and @y — moments of valve opening and closing respectively, ¢,,, and
¢y..: — the period of valve opening and closing respectively.

User also can upload custom relative valve lift law choosing the option “Load”
and attaching corresponding .csv file (see the instruction of preparing .csv files, sec-
tion 1.5).

Valve timing is to be set with four parameters for both exhaust and intake

valves as it is explained on Fig. 2.3.5.
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Fig. 2.3.5. Intake and exhaust valves timing explain
for the four-stroke engine example

The ports area A(¢) calculation is supported for rectangular-shaped ports only.
The change in ports flow area is caused by the piston motion and the ports position in
liner.

The complete geometrical ports area 4, is calculated by equation:
Aporis =HpsinP B, cosa ,N .

The effective instantaneous flow area is calculated by:

A() = WA porisHyp.op(9)/ Hp,
where H), ,,(¢) — the opened port height at the moment ¢, which is calculated from

the piston cinematics, p, — ports discharge coefficient (supposed constant).



To choose correctly the number of the ports, please notice the predicted value
of the distance between ports 7, (supposed even, see Fig. 2.3.1 and 2.3.6): its value
must be positive.

Hint p 175 mm Height of the port

Bixp b 60 mm Width of the port m.’ak:;!:;_;]r:aus:
23
Checkout the distance belween poris, mm @
= 12 = Number of ports

Fig. 2.3.6. Prediction of the distance between ports.

As it is known, ports timing is totally controlled by piston movement. The User
should only point the piston position at the moment when the ports starts to open
(p;po for intake and @gpp for exhaust).

mmmaww T

Intake&Exhauste gas exchange areas | jntake area

note: 0 c.a.d. is bottom-dead center — Exhaust area

[0J10)

Fig. 2.3.7. Intake ports and exhaust valve timing setup
for the two-stroke uniflow scavenged engine example.

The custom flow area law for ports could be uploaded choosing the option
“Load” and attaching corresponding .csv file (see the instruction of preparing .csv
files, section 1.5).



2.4. Fuel properties and combustion setup.

Blitz-PRO currently supports the combustion process simulation for spark-
ignition, compression-ignition and dual-fuel engines. The last one means that ignition
of the main gaseous fuel is provided by injection of some amount of ignition fuel in
liquid state, ignited by compression.

For spark-ignition engines the Wiebe combustion model is applied, while for
compression-ignition engines there is an option to choose between Wiebe combustion
model and advanced Razlejtzev model. For dual-fuel engines the combination of the-
se two models is used: Razlejtzev model for ignition fuel combustion and Wiebe
model for main fuel combustion.

All three cases support the two-zone simulation routine — the calculation of
thermodynamic parameters for fresh charge and burned gases zones separately. The
main reason is to provide sophisticated prediction of toxic emissions, CO and NOy
particularly.

Fuel properties setup.

Fuels properties are divided by three groups: chemical properties (activation
energy, octane and cetane number and calorific value), mass composition of the fuel
and physical properties (density, temperature, viscosity, surface tension and molar
mass).

It 1s important, that the sum of mass shares of chemical elements of the fuel
must give 100%, i.e.:

gctgutgstgo=1.

Although the User can setup all fuel properties manually, it is necessary to
choose the correct fuel type of fuel from the select list, as it is shown on Fig. 2.4.1.
Selection of the fuel type triggers the correct correlations for fuel vapor specific heat
and enthalpy of vaporization. Also, selection of the fuel type provides predefined fuel
properties for this fuel type (the User can change these properties for the current Pro-
ject).

Petrol
55| Diesel oil on
Ogiq 0.5| Heavy diesel oil 0 the cylinder at the liquid phase
a0l } :Ha-.urél gas (methane) L PROPERTIES
LPG (propane-butane)
Parameter Data Ethanol Caption
Q 43200 | Methanol

E

% 215p0 | Hydrogen fuel

2150025000
Octane number

Fig. 2.4.1. Selection of the fuel type.

e
ON

Spark-ignition engine combustion setup.

For spark-ignition engines the combustion of homogeneous fuel-to-air mixture
is currently supported, that means that fuel is fully evaporated before combustion and
premixed well with the air.



However, it is available to set-up the share of the fuel §, ;,, trapped into cylin-
der in liquid state. The 6, 1s defined as the ratio between the mass flow of fuel, in-
ducted into the cylinder in liquid state to the total mass flow of inducted fuel:

AMyiy fuel
dm fer

The evaporation of the trapped liquid fuel starts after it comes into the cylinder
during intake and compression. Such an approach helps to provide more accurate cal-
culations for gas-exchange processes as well as to take into account heat absorption
from working medium due to fuel evaporation at the compression period. But, as it is
mentioned, all fuel is supposed to be evaporated before the spark will initiate the
combustion. The calculations of the fuel evaporation are similar to the calculations of
injected fuel evaporation for compression-ignition engine, expressed below.

8q.liq =

The well-known Wiebe combustion model is very simple, and is described by
following equation:

_ m ln(l—x:) PP comb.start !
ﬂ _ —ln(l _ xz) m + 1 ((P (Pcombstart j exp [ P eomb.dur ]
d(P (P comb.dur
where dx/d¢ indicates the relative rate of fuel combustion.
Factors for Wiebe model

)
(P comb.dur

0,05

0,04

0,03 x=09

dx/do

0,02

0,01

x.=0.999

0 /

- >

Fig. 2.4.2. Influence of x, and m factors on the shape of fuel burning rate diagrams
given by Wiebe equation.

It is obvious, that combustion law is totally defined if the User sets four values:
combustion start moment Qcomp sarr» duration of combustion @op . total burned frac-
tion of fuel x,, modifying factor m. The influence of the last two parameters is illus-
trated by Fig. 2.4.2. The typical value of m for spark-ignition engines lies in the range
of 3...6, while x, equals 0.95..0.999 and ¢.ommp.a. = 30...90 c.a.d.

Drawbacks of the Wiebe combustion model are also well known: the User
should know the duration and the shape of combustion curve. It is quite unacceptable
for many cases when changing the engine setup the User should consider the effects



of these changes on the combustion process. For three main factors: air excess ratio a,
crankshaft speed »n and the density of fresh charge after the throttle plate p; the fol-
lowing equations could be suggested:

rated 0.6 0.5 rated 0.6 rated 0.8 rated
__rated o n . _ . rated (pcmnb,dur n p s
(Pwmbdur - (Pcumbdur rated ym=m ?
a n (pcomb.dur n ps

where index “rated” indicates the conditions of engine operation at rated power and
rated speed.

Compression-ignition engine combustion setup.

For compression-ignition engines, as it is known, the combustion process de-
pends greatly on the peculiarities of the preliminary processes — the fuel injection and
fuel evaporation. Blitz-PRO currently supports single, double and triple fuel injection
(Fig. 2.4.3.). Duration of each fuel injection and its timing should be stated directly.

single il Triple FUEL INJECTION TIMING

Parameter Data Units Caption

Use control maps to set fuel injection dynamically (see "General settings" @ Transient datasheet)

Pstact iny 25 deg First-stage injection timing (CAD before crank TDC)

P start ing2 [ 10 deg . Second-stage injection timing (CAD before crank TDC)
Piry | 3.5 deg | Duration of the first-stage (single) injection
Pinyz [ 235 deg | Duration of the second-stage injection
08Gc1 [ 5 % . The relative amount of the first-stage injection

Fig. 2.4.3. Selection of the fuel injection type (single, double or triple injection) and
setup the fuel injection timing.

Shares of each stage of injection are given by d¢.; and d¢.:

5q,, = 49 fuen . 8q., = 49 fie12 ’

q fiel 9 jiel
where gjen, qsen — the fuel mass, injected into the cylinder at the first and at the se-
cond stage correspondently, gy, — the total mass of fuel, injected into the cylinder at
all injection stages together.

The shape of the fuel injection curve could be given in to ways: first — using
the equations for approximate injection diagrams shaping, second — by loading the
.csv file with the diagram for relative fuel injection rate.

The equations used for fuel injection curves generation are proposed by
Razlejtsev [4]. The sum of two functions with ability of flexible setup gives the de-
sired shape of injection rate curve:

do \do ) \do),’

d(S —m;—1 —my-l1 5=®mjl —m;3—1 —my—1
e I A IS e |
do 0

— the relative injection angle, ®;,; — the relative angle for the first

where ¢=¢/ Oy
function, a, b, ¢, m,, m,, ms, my — adjustable factors.
Example of different fuel injection diagrams, generated with these equations

are given on Fig. 2.4.4. The area under the line of fuel injection rate do/d¢ gives the



relative fuel injection mass. For multiple injection all stages of injection are to be
generated with the same set of adjustable factors (see Fig. 2.4.5.).
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Fig. 2.4.4. Fuel injection diagrams for diff.eren‘-[. Sets éf adjﬁstabie factors in the
Razlejtzev approximating equations. Black line indicates the total fuel injection rate
do/dg, red and green — first do/de, and second do/d@, functions respectively.

Fuel evaporation
Before to be involved into combustion process the liquid fuel must be vapor-
ized. The fuel evaporation model is based on Sreznevskiy law according to equations,
suggested by Razlejtzev for fuel evaporation rate [4]:
do 3 Q=0 um “ do
o= [ 2| 1-yb, —2 | 2 d,
dq) ‘Pin“[m.’ 2 x €V[ X ev 6n j d¢ (‘P
where ¢ — relative share of injected fuel; o, — relative share of evaporated fuel; b,, —
evaporation constant; y — the relative reduction of the fuel evaporation rate due to in-
teraction of sprays with combustion chamber walls.




This integral shows the total evaporation of all fuel drops injected before the
current moment during the time referred to current de.

T

Injection diagram —~ dSigmal

Relative injection mass flow

- dSigma2

= dSigma3

{ {

Fig. 2.4.5. Tfiple”fuel IIlJ ectibn diégrarﬁs example.

The evaporation constant is the adjustable parameter, which allows control of
the fuel evaporation speed:
12 ny
b, = %L(Lj ,
d p, 1000

where d3;, — average droplet size by Sauter (the ratio of total volume of fuel drops to
their total surface), p. — incylinder pressure at the injection start, my — the exponent
number for the evaporation speed multiplier.

The user can alter the evaporation speed by changing my. Normally my is in the
range of 0.65...1.0, but if the engine speed is lower than 1000 rpm the value of my
could be selected from the diapason of 0.45...0.8.

Another important factor — droplet size ds;, is calculated from equation (ac-
cording to Lyshevskiy [5]):

M040733
_1n6

d32 - 10 Ecdirylholes — 0.266 >
pWe

2 2

M = l’lfuel . [:_) _ Pc . We = uinjdinj.holespfuel
= P = s =
dinj,holex P fier© fiet P fier O fier

where Wier, Priel> Oner — dynamic viscosity, density and surface tension of the fuel, £, —
coefficient (equals 1.7 for normal fuel injectors), d;, s — diameter of the fuel injec-
tor nozzle.

The relative reduction of the fuel evaporation rate due to interaction of sprays
with combustion chamber walls is calculated by equation:

_ wz
y=1- 12X | g 707) &= Puar .ie“[ o ];
0.485 P
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p We
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where ¢,,,; — the moment of the time, when the fuel spray reaches the wall of com-
bustion chamber, x, — the minimal value of relative fuel evaporation rate reduction (is



set by the User), @; — duration of interaction between the fuel spray and cylinder
walls; Ay, - coefficient in the cone angle of the fuel spray.

Note that it is very important to set properly the distance of the fuel spray free
flight L,.; (roughly: the distance from the injector nozzle to the cylinder walls),
which is involved into equations of ¢, calculation.

Thus the User can change the fuel evaporation behavior by altering the fuel in-
jection law, adjusting the constant of fuel evaporation speed (via my), changing the
injector’s nozzle geometry and the setup for estimation of fuel evaporation rate drop
due to interaction between fuel sprays and cylinder walls.

Choosing the injector’s nozzle geometry

The injection nozzle geometry is to be set with only two parameters: number of
injection holes i;, s, and the diameter of the injection hole d;y; jos. If the engine has
more than one fuel injector per the cylinder, 7, ;.. means the total number of injec-
tion holes of all injectors.

The values of 7, nores and d;j notes have a great influence on the injection process,
particularly on the injection pressure, injection spray penetration and geometry, fuel
atomization (expressed by the Sauter average diameter ds,).

If the information of the actual fuel injector nozzle is absent, the User can use
the prediction of average fuel injection pressure and Sauter average diameter as it is
shown on Fig. 2.4.6. In this case the adjustment of injector’s nozzle geometry is to be
made together with the fuel injection duration @,;.

Injector nozzle parameters
10 . Number of injector holes
check th erage injection pressure, MPs: 120.8
holes

inj hotes [ 06 mm Diameter
fuel dropiets, mem: 23.6

Fig. 2.4.6. The injector’s nozzle geometry setup and injection paremeters estimation.

The accuracy of the p;,; and dj;, prediction depends on the mode of the calcula-
tion: the best accuracy gives the direct setup of the injected fuel mass g, (calculation
mode “Fuel mass per cycle”), if the User chooses the calculation by setting the air
excess ratio (calculation mode “Air excess ratio”), it is assumed for prediction, that
engines volumetric efficiency is n, = 80 %, and if calculation mode is “Brake power”
the calculations are made for brake specific fuel consumption b, = 210 g/(kW-h). At
any calculation mode the predicted values of p;,; and ds, will differ from the values
from the “Report” page.

The average injection pressure is calculated from the equations:
2 qr iy W, =075 ”diij.,holes ;
p fueluf;mzzle 6n 2
where f,,.... — the effective flow area of the injector’s nozzle.

Table 2.4.1 shows the recommended ranges of p;,,, ds, and @, for different in-
jection systems.
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Table 2.4.1
Ranges of rated average injection pressure p;,;, Sauter fuel droplets
diameter d5, and injection duration @,

Injection system type Dinj» MPa dsp, um Q> C.a.d
In-line fuel injection pumps 40...130 14...19 18...25
Distributor injection pumps 30...120 14...20 16...26
Single-plunger pumps 80...240 12...18 20...34
Unit-injectors 150...300 10...16 18...28
Common rail accumulator in-| 154 3, 10...16 18...30
jection system

Ignition delay prediction

For ignition delay prediction the modified Tolstov equation is used [6]:
E,

inj.start

: g 70
Ti = BO (1 - knn) lil start eRT‘)’[ >
TR 25+CN
where By, k, — coefficients, p.’,"", T.;/""" - pressure and temperature in the engine

cylinder at the start of fuel injection, E, — activation energy, CN — cetane number of
the fuel.
The recommended values of By, &, are given in table 2.4.2.

Table 2.4.2
Coefficients for Tolstov equation
Rated crank speed, rpm k, By
<2500 0.00016 0.0000038
> 2500 0.00018 0.000002

Razlejtzev combustion model

The predefined combustion model for compression-ignition engines is based
on Razlejtzev equations of combustion kinetics, though the User can still choose the
Wiebe combustion model, which has simpler setup.

Basic set of equations for Razlejtzev combustion model is as following [4]:

L pven9%e | /144 P +6n 9%
6n do do Y

dx 1 d d P=Pinj end. TAPk exs
=i P ren e | [ 14 4,60 e
dp |6n do do

D= comb.end

6=0;

1 a
afg%(l—AUF—x)x)(

P=Pinj.end APk exs

where o; represents the amount of fuel, injected during ignition delay, @, cns — the
moment of injection end, A, — extension of the time for second equation usage,
AQcomp.ena — €nd of the combustion process, &, . — function of air usage, Ay r — un-
burned fuel fraction.



The functions Py, P>, Ay, A, are calculated with the equations:
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Meomb

Ay =ay(n-H)",

where H is the swirl number (ratio between the rotational speed of the fresh charge
swirl in the cylinder at the end of compression and the crankshaft rotational speed),
ao, a1, dy, by, m.,,, — coefficients (see table 2.4.3).

Table 2.4.3
Approximate values for Razlejtzev combustion model setup
Engine type ao a a bo Meomb H my
<107 | -10°

n=150...250 rpm, 5...12 5...10 10...15 0.1...0.2 0.6...08 | 1.5...3 | 0.3...0.65
two-stroke

n=400...750 rpm, 8...15 4...9 8...13 0.05...0.15 | 0.5...0.7 | 1...1.1 | 0.45...0.7
four-stroke

n=750...1500 rpm, | 10...40 3...7 4...8 0.05...0.1 05...0.7 | 1...1.2 | 0.5...0.75
four-stroke

n > 1500 rpm, 15...30 3...6 3...7 0.04...008 | 0.6...08 | 1.2...2 | 0.5...0.9
four-stroke

The Razlejtzev combustion model considers combustion as the tree-stage pro-
cess, with the corresponding equation for each stage. These stages are:

1) combustion of the fuel vapor formed during ignition delay,

2) combustion during injection period,

3) combustion after injection (afterburning).

The equations switch for each stage activates at the defined moments of time:
when x = o, from the first stage equation to the second stage equation and when ¢ =
Qinj.end T AQrex; from the second stage equation to the third stage.

The extended period for second stage equation (combustion during injection)
A@y..; can be set up with the Ag,and Aty parameters. Generally at the full load A, =
0, reaching up to 5...12 at idling, while At; is recommended to choose from 0.3 ... 0.8

for direct fuel injection and from 0.5...0.9 for indirect fuel injection.

The afterburning process is mainly guided by the air usage function (,. which
can be calculated from the following equation:

Eoo=1-146(1-¢,,)

(D 2 705((1)

_Z_e
(DZO \/;

(DZ

z0

;

>

where @, — relative combustion duration, (., ®.) — coordinates of the minimum
point for the function {, . = {, (D,).
The approximate values of (, ., @, could be taken from Fig. 2.4.7 and from

table 2.4 4.
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Fig. 2.4.7. Experimental data for air usage function behavior:

x — high-speed engine with indirect injection /I-130, A — high-speed two-stroke op-
posed-piston engine with direct injection JUMO-4, o — medium-speed two-stroke op-
posed-piston engine with direct injection 2J]100, ¢ — high-speed two-stroke engine
with uniflow scavenging and direct injection 1A3-204, + — high-speed four-stroke
engine with direct injection CM/I-60, o — high-speed four-stroke engine with direct
injection Renault, * — medium-speed four-stroke engine with direct injection J[-70.

Air usage function approximate setup

Engine type Ca.co D,
Indirect injection (swirl chamber | 0.75...0.9 0.35...0.45
or pre-chamber)
High-swirl two-stroke engines 0.55...0.65 0.35...04
with direct injection
High-speed and medium-speed 0.4...0.5 0.3...0.35
two-stroke engines
High-speed four-stroke engines 0.35...0.7 0.3...04
with direct injection
Medium-speed four-stroke en- 0.35...0.55 0.25...0.35
gines with direct injection
Low-speed two-stroke engines 0.35..0.5 0.25...04

with direct injection

Fig. 2.4.8 shows the interrelations between fuel injection, evaporation and
combustion processes for Razlejtzev combustion model and the influences of setup
factors on the heat-release diagram. This figure is also accessible by pressing button
“Factors for heat release equations™.

Table 2.4.4
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Fig. 2.4.8. Interrelations between fuel injection, evaporation and combustion process-
es and setup parameters (green color is referred to fuel injection, blue to fuel evapora-
tion and red — to fuel combustion)



2.5. Toxic emissions models setup

The mathematical models of NO, CO and Soot formation are built-in into the
Blitz-PRO core as a separate module, which runs after the operation cycle simulation
1s successfully completed.

2.5.1. NO and CO formation calculation

Calculations of the NO, concentration at the exhaust gas are based on the
Zeldovich mechanism for “thermal” nitric oxide (NO). This chained mechanism in-

cludes three equations:
Kip

N2+O<K:>NO+N;
K
N+02§>NO+O;

K}p
N+OH§:>NO+H,

where K;,, Ky, Ky,, K,, K3, Kj — constants for direct and reverse chemical
reactions.
First equation is the most important in terms of total NO formation kinetics.

The equation for NO kinetics could be expressed as:
d[NO
% =K,,[N,][0]-K,, [NO][N]+K, [O, ]IN]-K,,[NOJ[O] + K, , [N][OH] - K [NO][H],
where square brackets “[]” express the volumetric concentration of the corresponding
matter.
Blitz-PRO currently utilizes the NO formation kinetic equation, which consid-
ers only first and second equations according to Zvonov’s approach [13]:
d[NO] _ 2K, [N, ][O] - [NOT Dk - K, K,, .
v, K,INOIL K,[0,]IN,])" " KK,
KZp[OZ]
Notice, that K,[0,][N,]=[NO],,— is the equilibrium concentration of NO.

Conversion of the equation into volumetric fraction units gives:

dNoj  p 2K,INJ0f ( Noj )
d B RTbumed l+w {1 [[NO]qu ]’ (2‘5'1)
KZp[OZ]

where p — incylinder pressure, bar, R = 8.3144 J/(mole'K) — gas constant,
Thumed — temperature of the burned gases.
The Arrhenius law equations are used for reaction rate constants calculation:

K=A4T" exp(— £, ],
RT

where A, B — empirical coefficients, £, — activation energy.
The values of 4, B could be chosen by the User from table 2.5.1.




Table 2.5.1.
Coefficients for reaction rate constants calculations

Constant, A, cm’/(mole-s) B E,, J/mole Source
7-10" 0 316103 [7]
) [ 1,36-10" 0 315600 [8]
Kip, em*/(mole-s) =531 0,0472 316480 [9]
1,3-10" 0 317849 [10]
3,2-10" 0 1670 [8]
1,32-10" 0 0 [11, 12]
K,,, cm’/(mole's) |1,6:10" 0 0 [9]
1,55-10" 0 0 [7]
2,8:10" 0 0 [10]
1,33-10" 1 29600 [8]
1,81-10° 1,5 12560 [11]
K,,, cm’/(mole-s) |1.21-10" 29700 [13]
1,48-10° 1,5 23781 [9]
6,4-10° 1 26147 [10]
3,2-10° 1 163700 [7]
] . 13,6°10" 0 162300 [12]
Koy, em/(mole-s) - 7 57 1,612 157800 9]
1,5-10° 0 161848 [10]

It is important to know the temperature and composition of burned gases to
make the usage of the equation 2.5.1 for instantaneous NO concentration rate calcula-
tions possible.

The temperature of the burned gases 73,4 1S calculated according to the two-
zone model for the combustion period. The working medium in the cylinder is as-
sumed as two-component system — “fresh charge” and “burned gases”, separated by
the imaginable movable boundary. The pressure for both zones is assumed the same,
while temperatures are calculated according to equations, described in section 1.2.

The gas composition for the burned gases zone is calculated according to the
professor Zvonov’s method [13]. According to this approach the burned gases are
assumed as 18-components mixture of O, 02, O3, H, H2, OH, H20, C, CO, CO2,
CH4, N, N2, NO, NO2, NH3, HNO3, HCN.

To find the concentration of each component the set of 14 balance equations
together with 4 bound equations is used. This equations set is nonlinear and is solved
numerically.

The calculated concentration of CO at the end of combustion process is used as
an output data for the “Report” page. So [CO] is calculated as equilibrium concentra-
tion of CO at this point.

For diesel engines case the important parameter, which allows precise tuning
of NO formation mathematical model, is a;,. — the value of the local air excess ratio
at the combustion zone. It is assumed, that o, has linear dependence on the crank
angle, reaching a,,. = 1 at the end of combustion:




_ \ P~ Pcomb.start
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comb
where o, s indicates the value of oy, at the beginning of combustion process.

Generally apc. g0 = 0.8...0.95, increasing of oy, s.r Tesults in rise of calculated
NO concentration.
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Fig. 2.5.1. Calculated diagrams of incylinder NO formation.

Fig. 2.5.1 shows an example of diagrams of NO formation for automotive die-
sel engine. The volumetric concentration as well as the mass of NO in the engine cyl-
inder is presented. The resulting amount of nitric oxides is considered for the moment



of exhaust valves (or ports) opening. It is expressed as incylinder and exhaust mani-
fold volumetric concentration and as specific NO emission gyo (see Fig. 2.5.2).

Toxic emissions prediction

[COey ppm Incylinder CO concentration at the exhaust openning
[CO)exn ppm Exhaust manifold CO concentration
[NOJeys ppm Incylinder NO concentration at the exhaust openning
[NOJaxn ppm Exhaust gases NO concentration
Ovo 9/(kKW h) Specific emissions of NO,
[Ceyr g/m? Incylinder soot concentration at the exhaust oppening
IC]n cyl g_;ml
[Cln oyt Boseh Bosch units Incylinder soot concentration at the exhaust oppening reffered to normal conditions
[Cln eyt Hartrige HSU (%)

Fig. 2.5.2. Calculation results of diesel engine toxic emissions (from “Report” page).

The difference between exhaust manifold and incylinder NO concentration is
explained because of mixing of the exhaust gases and with some volume of fresh
charge during scavenging period.

2.5.2. Calculation of soot formation
Calculation of soot formation is executed for diesel engines only using prof.

Razlejtsev approach [4].
The instantaneous volumetric soot concentration rate is given by equation:

M{M) +(®J _(Mj _(Mj
dT dT kin d’[ pol d’[ burn dT vol ’

where (Mj — kinetic soot formation rate (in the flame), (d[C]j — core
dT kin dT pol
. d[C] . .
polymerization of fuel droplets rate, | ——| — burning of the soot particles rate,
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(d[C]) — change in soot concentration rate due to cylinder volume change.
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(@j = B3sootk02 \/; P [C] 9
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where Bisoon B’ 2500t B’ 2500ty B3soor Basoor — €mpiric coefficients; 6, — droplets core size,
dy — instantanious Sauter diameter of the injected fuel, K., — evaporation constant,

Tinj.start> Tinj.end — Mmoments of tome for injection start and injection end, X, .n.s — burned
fuel fraction for the moment of injection end, n,;, — distibution constant to consider
fuel injection uniformity, [C] — volumetric soot concentration.

Approximate values of empiric coefficients are given at table 2.5.2 and must be
defined more precisly for current engine.

Table 2.5.2
Approximate values of empiric coefficients
for soot formation equation

Parameter Value
Bisoor 0.004
B’ 2500t 04 0.0017
B’ 2500t 04 0.0028
B3soor 0.0000031
Bisoor 0.75
Ngisp 2...3

— d[Cl/dc.ad) | Soot incylinder concentration
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Fig. 2.5.3. Calculated diagrams of diesel engine soot formation.

Fig 2.5.3 illustrates the kinetics of incylinder soot formation and burning for
the automotive diesel engine,



The resulting exhaust gases soot concentration referred to normal conditions is

calculated by equation:
1/k,y,
101.3) 1 % d[C])
Cl, o = — [ [ e,
[ ]nf,yl [p J 6n(p'[ ( d’l: ¢

P=Peo inj .start

where ¢, ,— exhaust openning, c.a.d.
This value of the volumetric soot concentration is also converted to Bosch and
Hartrige scales using the corresponding regressions.



2.6. Supercharging system setup.

The setup of engine’s gas-exchange system includes choosing of configuration
and geometrical properties of air receiver and exhaust manifold, method of the cylin-
der aspiration, type and number of superchargers and their arrangement. Blitz-PRO
enables calculations for naturally-aspired engine, engines with single-stage super-
charging (via mechanically driven turbocharger or with turbocharger), register and
two-stage supercharging.

Ambient conditions and flow resistances

The ambient air conditions setup includes the temperature, pressure and humid-
ity of the air at the air filter inlet.

The air filter resistance and resistance of exhaust piping (which is considered
as the resistance of pipes, muffler and neutralizers from the turbocharger outlet to the
exit to atmosphere) can be set directly or calculated from functions. To set the re-
sistances by calculation, the user should check the checkbox “Use equations to find
pressure losses” and set the rated values of resistances and the exponents values for
functions on the “Transient” page (see section 2.7).
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Fig. 2.6.1. Estimation of intake receiver inlet flow area puFy and exhaust mani-
fold flow area uF, for naturally aspired (left) and turbocharged engine (right).

Intake and exhaust manifolds geometry

It is important to set correctly the areas of the intake receiver inlet flow area
wF; and exhaust manifold outlet flow area pF, (see Fig. 2.6.1). For spark-ignition en-
gines with carburetor pF could be referred to carburetor diffuser minimal flow area.

The geometrical parameters of intake receiver and exhaust manifold are to be
set by their equivalent diameters (d;y;.eqy and deyi oqv) and relative volumes. The relative
volumes are defined as the volume of the part of receiver/manifold to the displace-
ment volume of engine cylinder. Intake receiver as well as exhaust manifold can be
made as single part, which combine all engine cylinders, or consist of some parts,



each of the part combine several engine cylinders (see Fig. 2.6.2 for the example). It
is important to set correctly the number of the cylinders, combined with one part of
the manifold iz jexn, icyr1in- Please note, due to utilizing average cylinder approach the
total number of engine cylinders i.; must be divisible by icjexnand igyjime. That
means, for example, if i,,; = 9, than i, ;s could be setto 1, 3 or 9.

V :
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Fig. 2.6.2. Definition of the manifold volume for the single manifold (left) and
for the manifold separated in parts, which combine some number of engine cylinders.

Considering unsteady flow behavior

As it is mentioned above, the synthesis of the working processes in the intake
receiver and exhaust manifold is executed on the 0-D quasy-steady approach. This
approach makes impossible to consider the unsteady flow phenomena due to pressure
waves propagation in the pipes of gas-exchange system as well as inertia of the gas
flow. For high-speed engines and for engines with specially designed intake and ex-
haust pipe neglecting of unsteady phenomena leads to high level of inaccuracy of cal-
culations.

Blitz-PRO suggests two methods of considering the unsteady flow effects: 1)
simplified 1-D approach, suggested by prof. Orlin; 2) complete 1-D approach for the
ideal gas model (currently unavailable).

These both approaches are based on the same computational layout (Fig.
2.6.3). The exhaust manifold and intake receiver are considered assembled with two
types of piping: 1) “dynamic” pipes with 1-D unsteady flow calculations, 2) “steady”
pipes with 0-D quasysteady calculations.

Please note, that the User sets the relative volumes Vi ,u/ Vs Venm/ Vs only of
“steady” part of the manifold, while the volumes of “dynamic™ pipes are calculated
automatically and added to the volume of “steady” piping.
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Fig.2.6.3. Intake receiver / exhaust manifold schematic layout.
darkgray — 1-D unsteady approach, lightgray — 0-D quasysteady approach.
L, — dynamic length of intake/exhaust pipe,

L,rc — dynamic length of compressor/turbine volute (calculated automatically).

The simplified Orlin’s approach is based on the pulse conservation equation for
1-D unsteady flow of ideal gas:
ow ow 1 op
W—t—=——
ox Ot p Ox
where x — the coordinate, w — gas velocity, ¢ — time, p — gas pressure, p — gas density.
This equation is simplified and adopted to the current task:
i

i
Wstatic '|Wstatic| W

2L,

where i — number of computational step, w — gas velocity at the equivalent flow area,
Wsaric — gas velocity calculated with the static flow equations, L, — effective dynamic
length of the pipe, At — computational time step.

Wz+1 —w

AT,

The Orlin’s approach helps to consider the inertia of the gas flow and provide
very fast and more accurate calculations for the gas-exchange processes.

The complete 1-D approach is based on the full set of equations for 1-D un-
steady ideal gas flow:
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where A; — coefficient of friction, a — heat transfer coefficient from gas to the pipe
wall, T,,.; — pipe wall temperature, 7 — gas temperature, S — entropy, «,,» — referred to
normal conditions, d — pipe diameter, k& — adiabatic exponent.
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This set of equations completed with boundary conditions is solved with two-
stage predictor-corrector numeric method. The “dynamic” pipe length is divided by
number of cells (from 10 to 50).

The complete 1-D approach provides more accurate results, but takes much
more computational time for execution.

Manifolds friction losses setup

Although the 0-D quasy-steady model is utilized for intake and exhaust piping
working processes synthesis, there is an ability to consider the friction losses in the
intake receiver and exhaust manifold. The User can set the roughness for intake re-
ceiver and exhaust manifold inner walls R,;,; and R,.. The additional frictional
backpressure is calculated by:

L, W2
Ap pipe — A pipe dplpe PG TG >
pipe
For the smooth inner surface:
64 . ,
Moo = g Re < 2000;
e = %ﬁfﬁ,iﬁooo < Re < 4000;
1
A= ,if Re >2000.
" (1.81gRe—1.64) 4
For the rough inner surface:
0.25 0.0635
v =011 a+ S8 if Re >2090- 1
e =M Re) A
A=ta
d pipe

where A, — coefficient of resistance, L,;,. — length of the piping, d,;,. — inner diame-
ter of the pipe, wg — gases average velocity, pzg — gases density, A - relative rough-
ness, R, — roughness of the pipe inner surface.

Reynolds number for gases flow:

Re = Wdeipe :
VG
where v — kinematic viscosity of gases.

The calculated frictional backpressure in the exhaust manifold is added to the
exhaust system pressure losses Ap;and is considered for the exhaust gases flow calcu-
lation through the gas turbine or through the outer pipe of exhaust system. At the
same way the calculated frictional backpressure in the intake receiver is added to the
air filter resistance Ap;,,rand is considered for the intake air flow calculation through
the air compressor or through the inlet pipe of intake system.

Supercharger performance and charge air cooler setup
For supercharged internal combustion engines the User should define the type
and parameters of the supercharger. Blitz-PRO allows calculations for the mechani-



cally driven supercharger (with dynamic ore displacement type of the compressor)
and for the turbocharger.

The User has two options: to set the parameters of the supercharger (or turbo-
charger) manually or to use the supercharger’s performance maps. This choice trig-
gers the gas-exchange calculation mode. Usage of the performance maps provides
much more accurate calculations.

The parameters of supercharged air cooler are given by the temperature of the
coolant at the air coolant enter 7, c4c and the efficiency of air cooler n¢c4c, which is
considered as:

Ty =T
Ty = Twicac
where T} — the air temperature at the compressor outlet, 7’ — the air temperature at
the air cooler outlet.

Ncac =

Please note, that supercharged air after the air cooler can be heated from the air
receiver walls, so the average temperature of the air in the air receiver 7, is different
to T°..

Fig 2.6.4 shows the setup for mechanically driven supercharger for two cases:
manual setup and setup with the performance maps.
For mechanically driven supercharger the User should set the driving gear ra-

tio:
; _nsc
cmpr.g — 0
where ngc — the speed of supercharger rotor, n — the crankshaft speed.
In the case of manual setup, the User should set the adiabatic efficiency of the

compressor, which is considered as:

k-1
Ty (Hag{wr -1)
T =Ty

where T, — the total temperature at the compressor’s outlet.

To use the performance maps, the User should check this option from the
checkbox and then either choose the corresponding performance maps from the list of
maps or upload new performance map from file.

Fig. 2.6.5 shows an example of extrapolated performance maps for the me-
chanically driven compressor (Lysholm LYS2300AX). Performance maps are pre-
sented with two maps: compressor flow map and compressor efficiency map.

Compressor flow map presents the function I, = AGempr.reps Bemprrer) as a set
of the lines for constant referred speeds of the compressor rotor 7., s (isotahoes).
Compressor efficiency map shows the function Neypr.aa = A Gemprres Nempr.rer) @s a set of
isotahoes. The referred air flow and referred rotor speed are calculated by:

Lint Pref Ter
Gempr.ref = Gempr 1_nt_.’ Nemprref =NSC >
P I\ ref Pint prref Tint

where p;,, T;,, — pressure and temperature of air at the compressor inlet, p,.;, T, — re-
ferred pressure and temperature (generally p,.,= 96 kPa, T,.,= 303 K).

Nad .cmpr =

b




The compressor flow map also shows the isolines for constant compressor adi-
abatic efficiencies, calculated from the efficiency map to provide easier compressor-
to-engine matching.

The set of multipliers — uGy, ull;, ung, e — helps to scale the maps for better
matching the supercharger to the engine. It is strongly recommended do not use the
values for multipliers out of range of 0.8...1.2 to provide the proper accuracy of cal-
culations (see section 5).

Natural aspired m Register Two-stage SUPERCHARGING TYPE
Turbocharger CHARGER #1' ' Use characteristics map for supercharger performance
Parameter Data Units : Caption

Mg 1.085 - Pressure increase ratio for fresh charge
Bpeac 3 kPa Pressure losses at air cooler

Twi.cac 203 K Coolant temperature at air cooler inlet

Neac [ 0.89 - Efficiency of air cooler

Ned.c 08 - | Adiabatic efficiency of the compressor
lemprg 2 - 'Compressor drive gear ratio
Nm.ermer 08 - | Mechanical efficiency of compressor gear

a)

Natural aspired [YSIELQ Feoister  Two stage SUPERCHARGING TYPE
Turbocharger CHARGER #1 ¥ Use characteristics map for supercharger performance
Parameter Data Units Caption

M ’—1085 - Pressure increase ratio for fresh charge
Bpcsc I kPa Pressure losses at air cooler
Twi.cac [—-_2-55 K Coolant temperature at air cooler inlet
Ncac ’—089 - Efficiency of air cooler
isora [—2 - Compressor drive gear ratio
Nem.cmer ’—0_3 - i Mechanical efficiency of compressor gear

 Eaton M45 v | TMAP selection, load and adjustment
TMAP file BriGepuTe pain | ©ann He eeifpad

Show maps
Upload Now
UGk 052 - | Multiplier for compressor referred mass flow data

uN, 06 - | Multiplier for compressor pressure increase ratio data
png 008 - | Multiplier for compressor adiabatic efficiency data

Nk ’—1 = | Multiplier for compressor adiabatic efficiency data
b)
Fig. 2.6.4. Mechanically driven supercharger setup:
a) manual setup, b) setup with performance maps.
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Fig. 2.6.5. Performance maps for the screw-type mechanically driven supercharger.



Fig 2.6.6 shows the setup for turbocharger for two cases: manual setup and
setup with the performance maps. The manual setup of the turbocharger performance
sets directly the turbine efficiency 7., which is considered as:

-1
Nes =’—Z‘,§tnm.rc,
* k,—1
I (=11, )

where T,', T.,” — the total temperature at the turbine inlet and outlet correspondently,
I1,,,» — turbine pressure expansion ratio (ratio between pressure at the turbine inlet and

pressure at the turbine outlet), 1, 7c — mechanical efficiency of the turbocharger.
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Pressure increase ratio for fresh charge
Pressure losses at air cooler

Coolant temperature at air cooler inlet
Efficiency of air cooler
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Pressure increase ratio for fresh charge
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Efficiency of air cooler
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[ Multiplier for compressor referred mass flow data
' Multiplier for compressor pressure increase ratio data
' Multiplier for compressor adiabatic efficiency data
' Multiplier for compressor adiabatic efficiency data
' Multipier for turbine reduced mass flow data
' Multiplier for turbine pressure drop ratio data
[ Multiplier for turbine efficiency data

Multipher for turbine reduced speed data

b)

Fig. 2.6.6. Turbocharger setup:

a) manual setup, b) setup with the performance maps.

Another parameter which is necessary for the manual setup: the equivalent tur-
bine flow area uFj,,. It is important to set the initial value of pFy,, properly — basi-
cally it can be assumed from (0.2...0.4)-pF, for initial calculations.
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Fig. 2.6.7. Performance maps for the centrifugal-type compressor of turbocharger.

The example of extrapolated performance maps for centrifugal compressor of
the turbocharger ABB VTR354 is presented on the Fig. 2.6.7, while Fig. 2.6.8 repre-
sents the extrapolated performance maps for the axial-type turbine for the same tur-
bocharger.
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Fig. 2.6.7. Performance maps for the axial-type turbine of turbocharger.

Turbine performance maps are presented with two maps: turbine flow map and

turbine efficiency map.




Turbine flow map presents the function G, req = b, Prb.rea) as @ set of the
lines for constant reduced speeds of the turbine rotor 7, .. (isotahoes). Turbine effi-
ciency map shows the function 1., = f(Il,,5, Bus.rea) as a set of isotahoes. The reduced
gas flow and reduced rotor speed are calculated by:

*
Gup\ T nrc

Gturb.red = * > Mturbred = % >
Py T;

where nzc — turbocharger’s rotor speed, p,, T, — total pressure and temperature of
gases at the turbine inlet.
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Reset zoom

b)
Fig. 2.6.9. Intake receiver mass exchange diagrams (dm,. ;, — compressor air mass
flow, dm;,; .m — total mass flow through intake valves):
a) manual turbocharger setup, b) calculations with performance maps

The difference in calculation approach for manual supercharger performance
setup and for setup with performance maps significant. The reason is that for the first
case (manual setup) the efficiency of compressor and turbine assumed constant
through the entire operating cycle, and the effective flow area of the turbine doesn’t



depend on the pressure drop ratio and gas temperature at the turbine inlet. The air
pressure at the compressor outlet is also considered constant for the current operating
cycle. So, please, for correct simulations use the performance maps of the super-
charger at the earliest opportunity. Fig. 2.6.9 shows the difference in simulation re-
sults for manual and performance maps supercharger setup.




2.7. Transient calculations setup.

“Transient” page serves for transient calculations setup. Transient calculations
include various types of engine’s non-steady behavior:

1) operation of the engine as part of automotive vehicle power plant for differ-
ent types of load and speed changing conditions;

2) operation of the main ship engine with direct or geared power transmission
with fixed pitch or controllable pitch propeller;

3) operation of engine, coupled with various types of alternators;

4) engine start/stop, warming, etc.

All these cases mean the change in engine operating process for each consecu-
tive cycle because of speed/load/environment/fuel injection conditions change. Thus,
before calculation of the transient performance, the User must presetup the condi-
tions, which cause the transient process. The most common of these conditions are: 1)
fuel injection and timing maps for diesel engines and fuel ignition and combustion
maps for spark-ignition engines; 2) the law of engine load change in respect of engine
speed or time of the process.

The change in engine speed and load causes the change in hydraulic losses at
the intake and exhaust systems. To consider this, the User setups the set of parame-
ters, as it is shown on Fig. 2.7.1.

Calculations of instantaneous intake air filter, exhaust piping and air cooler re-
sistances are provided with following functions:

mint.f
A _ A Gint .
Pint.r = BPint. 1 rated )
int.rated
G My
_ int .
Ap exh — Ap exh..rated G H
int.rated
G Mcyc
— int
APcac = BPcac ratea G
int.rated
Typical value for exponents m;,, ; Mep, Mcycis 1.8...2.2.
Parameter Data Units Caption
Cirale [ 03 ka/s | Air flow at rated speed and load
ADint £ rasa [ 05 kPa . Air pressure drop in the intake air filter at rated speed and load

05 1kPa

APCAC rate : 4 kPa p in the charge air cooler at rated speed and load
. ess then 4.5 kPa
ADcuc rate | kPa Alr pressure drop in the second stage charge air cooler at rated speed and load
| Generally is to be less then 4.5 kPa
DDayh rate 10 kPa Exhaust gases pressure drop in the outiet manifold at rated speed and load
: Generally is to be less then 7..10 kPa
Mipe ¢ 2 - Exponent for intake air filter pressure drop equation
1.7..2.5
Meac : 2 - Exponent for CAC pressure drop equation
4 17 .25
Maxh 2 - Exponent for exhaust manifold pressure drop equation
7.25
Pmax rate 10000 kPa Incylinder maximum pressure at rated power
ax rate ' 700 kPalic.ad Incylinder maximum pressure rate at rated power

Fig. 2.7.1. Rated parameters of hydraulic pressure losses at intake and exhaust
and incylinder maximum pressure and maximum pressure rate.



During transient operation the maximum permissible value of incylinder pres-
SUTC Pyax.rarea OT INCylinder pressure rate dp/d@mayx raea could be limited, so the User set-
ups these parameters, and the routine corrects the ignition/injection timing.

¢ Adjust the fuel injection to limit the air excess ratio a

O min 1.2 - The minimal value of a acceptable for transient operation
. B

Fig. 2.7.2. Applying the limit for minimal value of air excess ratio
for compression-ignition engines

Another limit could be applied for the minimal permissible value of the air ex-
cess ratio during transient (for CI engines only). If the User checks the checkbox
“Adjust the fuel injection to limit the air excess ratio a”, the routine will decrease the
fuel flow at some stage of transient to keep a in desired range.

The setup of fuel-injection maps for diesel engines and fuel-ignitions maps for
spark-ignition engines is made by importing the corresponding .csv files (described in
section 1.5). The maps are to be displayed by pressing the “Show graphs” button (see
Fig. 1.5.2 for example).

Load fuel injection / Spark and combustion timing map

Control Map | BuiGepuTe haiin | @aiin He BuifpaH

Upload Now
Fig. 2.7.3. Import and displaying of engine control maps.

Show graphs

Heat inertia

The transient behavior is also characterized by effect of non-steady tempera-
tures of engine parts — piston, cylinder liner and head, exhaust manifold and intake
receiver. Due to phenomena of heat inertia it takes time to warm and cool the parts of
an engine, so their temperatures differ from the temperatures of steady operation at
the same combination of speed and load. To consider these phenomena the User
should set the masses and specific heats for engine parts, as it is shown on Fig. 2.7.4.

Heat inertia setup

Mhesd 15 kg cylinder head mass (per one cylinder)
Mpigt 10 kg piston mass
5 | piston crawn mass for composite pistons

Miin 30 kg liner mass

Mexh i 20 kg exhaust manifold mass

Myt [ 30 kg intake receiver mass
Cp.hesd 700 J(kg'K) specific heat for the cylinder head material

400...800 - for st 500... 1000 - for cast iron; 900.. 1500 for aluminium alloyes

Cp pist | 800 JI(kQ"K) specific he the piston material

400..800 )0... 1000 - for cast iron; $00.. 1500 for a um alloyes
Csiin i 700 JI(ka"K) f liner material
: = | 400..800 - for steel; 500... 1000 - for cast iron; 900.. 1500 for aluminium alloyes
Cpexh 800 Ji(kg"K) specific heat for the exhaust manifold material
400..800 - fo 500... 1000 - for cast iron; 9001500 for a m alioyes
Co.int [ 1100 Ji(kg"K) specific he the intake receiver material

400..800 - fo {; 300... 1000 - for cast iron; 900.. 1500 for aluminium alloyes

Fig. 2.7.4. Setup of heat inertia for engine parts.



To consider heat inertia, assume the heat balance equation for engine part:
O =0.+Al
where Q) — the heat, taken from the hot source, Q. — the heat, rejected to the cold
source, Al — the enthalpy, accumulated for part heating.
The change in engine part enthalpy is considered in respect of the part tempera-
ture change AT, as:
Al = ¢, mAT,.
The part temperature is assumed as average value between temperatures of hot
surface 7., and cold surface T....:
T,= (Tt T..)/2.
So the heat balance equation could be expressed as:

ol (To- (Tt Tha) 2t =0 F. (T e+ T )2 - Tt + em(T - T',),
where o,and o.— heat transfer coefficients from hot source to the hot wall and from
the cold wall to cold source, F,and F.— areas of the hot and cold surfaces of engine
part, T,and 7.— temperatures of the hot and cold source respectively, T — the time of
current operating cycle, i — number of calculated consecutive cycles.

This equation is added with equations of heat transfer trough the part wall:

O.= MO+ 1/R)FL (T * s+ T )2 = (T e + T2,
where A — heat conductivity coefficient for the wall material, 9... — wall thickness,
R,..; — thermal resistance of fouling on the wall surfaces.
Solving this set of equations gives values of 7'**,..,, T "... for the next operation
cycle calculation.

Types of engine installation

Blitz-PRO offers three types of engine installation for transient calculations:
wheeled vehicle, ship and stationary installation. The User can switch between these
three options with radio-button set as it is shown on Fig. 2.7.5.

For wheeled vehicle the Newton’s law of motion is expressed as:
N J¢€.
T_Ffr _Rair _mvethin U“incl = mvehjveh +Z#7
. J=1 I"]

where T — is the thrust force, applied by driving wheels, F}; — total friction force, in-
cluding friction in tires, shafts and bearings of slave wheels, R, — air drag force,
Jven — vehicle acceleration, /;, €; and r; — moment of inertia, angular acceleration and
referred radius for j rotating part.

The rotational parts (wheels, shafts, etc) inertia consideration is made with
multiplier B,

— J=
Binert =1+



Thus, the main equation changes as:

T—- Ffr B Rair - mvehg Sin aincl = inertmvehaveh .
The common value of B;,.,, is 1.01...1.2.
MGG Ship  Test bench TYPE OF ENGINE INSTALLATION
I Parameter Data Units Caption

:I 8207 ' m | cinematic radius of driving wheel
Myah | a70 ka ' Weight of the vehicle
Binart [ 105 - I Multiplier to the vehicle weight to consider the inertia of rotating parts
Igear H 7 5} = Total gear ratio (engine rpmiwheel rpm)
Nerain 086 - . Efficiency of the power train

C, | 0.36 - | Air drag coefficient
Fevss || 1.009 m? ' Projected frontal area of the vehicle

Ho i 5 - Static friction factor

J— | | 5..50
Ke || 0.0001 - Coefficient for the friction resistance equation
; |005.02
Qinct | deg Angle of the road descend
Vehicle dynamics {TﬂJ
gl
<]
™
N

Fig. 2.7.5. Radio button set for installation type selection (marked with red frame)
and the set of parameters for the wheeled vehicle case.

The trust force is calculated from the engine brake torque 7:
T Tl gear
Ntrain
The friction force is considered as:
Ffr =H;m,, 8= (%1073 +107 kfr"vzeh )mvehg s
ne Ly — coefficient of friction, v,.; — vehicle velocity.
The values of 1y and kj; depend on tires dimensions and pressure as well as on
road surface characteristics. In general py = 35...50, while k; = 0.05...0.2.
The air drag force equation is:

wheel *

2
v

— veh
Rair - Cx

cross p air



venicie | Test bench TYPE OF ENGINE INSTALLATION

Parameter Data Units Caption
Dprop | 04 m External diameter of the propeller
Vecart 815 m's | Initial speed of the ship
Igear | 1 mis | Total gear ratio (engine rpm/propeller rpm)

Ntrain 0 Qé mis ' Efficiency of the power train
Wy 02 - | Factor of the entrained water

Mehin [ -| 3533020(j kg . Displacement of the ship
ot 1080900 kg'm? | Total moment of inertia of the engine, shafts and propeller refered to the engine speed
Coefficients for equations of propeller relative prop and torque
Agprop [ -0 0445 - Equations for relative prop coefficient and relative torque coefficient
Bprop | -0.4048 - k. %2
' =4 *B. A +€
_ 1 prop’ " p prop " p prop

Coro 04852
A 3 - k. — =

s 00078 k:,_ = Amn;)"p + Bqu?\.p - Cmrq
Biorg -0.0507 =

Ciorg [ 0.0681
Load the diagram for the resistance curve Rghip = f(v)
Ripio BuiGepuTe haitn | @ain He BuifipaH
. | pyre & P Show graph
Upload Now |
Drag curve X ]I
Ship resistance vs speed =
Use the results of expenmental tests
5M
1 = Diag Reset zoom
Ship dynamics { i -
A S '.
2 3M
2M
) ™
. ¥
"«m oM
E 1] 12 1
= (_  § A § n N
»

Fig. 2.7.6. Set of parameters for the ship in.éiéllatidn.

The transient calculations of the ship dynamics are based on the Newton’s law
of motion:

Popy =0 = Ry, =my, a,.
I
where pprop, Tprop — propeller thrust and torque, Ry, — ship towing resistance,
t — thrust deduction coefficient.

The rotational moment of inertia J,,, includes the moments of inertia of engine
moving parts, shafts, gears and propeller with added water referred to the engine
speed.

Propeller thrust and torque are given with the propeller characteristics (see Fig.
2.7.7 for example) in respect with the relative propeller advance coefficient A,,,,,:

_ Venip (- Cl)ﬂw) .

prop
nPr op DPV op



ppmp: klpwn2 D4

prop™= prop >
2 5
Tpmp: kzpwnpmprrop >
where ky, k, — coefficients of propeller thrust and torque respectively, p,, — water

dencity.

225 0.70
- 0.65
2.00 - 0,60
1.75 1 - 0.55
- 0.50
1.50 | L 0.45
é: 1.25 1 - 040
S - 035 £
= 1.00 | L 030
075 - - 0.25
- 0.20
0.50 - - 0.15
0.25 : g'(l)(s)
0.00 0.00

0 0.25 0.5 0.75 1 1.25 1.5 1.75 2
}‘pmp

Fig. 2.7.7. Example of propeller performance characteristics (1, represents
propeller efficiency).

The ship towing resistance Ry;;,, which include all components of resistance
(friction, wave, wake and air drag) is given as a function with respect to the ship
speed by .csv file (see section 1.5 and Fig. 2.7.6).

The test bench case of engine installation needs minimal number of initial pa-
rameters (Fig. 2.7.8). The power of engine load Py, which mean the power of con-

n Myoad
load — Ijetload ( J °
n/oad
where n — engine speed.

The Newton’s law of motion is expressed as:

2
T dn
f)b - f)load = Jrot( j N

sumer is given by function:

P

n_
30 dt



IVl Test bench | TYPE OF ENGINE INSTALLATION

Parameter Data Units Caption
Ne toad | 100 KW Power of the load at the end of the transient period
Nicad i 1960 rpm Speed of the engine at the end of the transient period
1.79817 - Exponent for the load curve
Jrat ' 39 kg'm? Total moment of inertia of the engine, shafts and load refered to the engine speed
Test bench dynamics x
]
¥

Fig. 2.7.8. Test bench installation

Turbocharger transient
Calculations of turbocharger transient are based on the Newton’s law of mo-
tion:

2
T dn,.
Pturb.pulse - Pcompr = JTC (%) nTC dl' >

where Py, puise — the power of turbine in a pulse flow, P, — the power of compres-
sor, J7c — the moment of inertia of turbocharger rotor, nyc — turbocharger speed.

The User can switch between three options of turbocharger control: bypassing
turbine with waste-gate (WG), changing the turbine nozzle (VNT) or without control
(Free).

For the waste-gate arrangement, which consists of the waste-gate valve and
pneumatic actuator, the Newton’s law of motion is applied (see Fig. 2.7.9):

P +P, - Fsprmg =My J i »

2 2 2
_ digfr _ _ Ty _F +C h
res s Texh t zt ? spring spr.staitic spr' WG >
T4 "4 s 7 )

where P, Py, and Fy,.,, — forces from air pressure, applied to diaphragm, exhaust
gases pressure, applied to waste-gate and from the spring, j¢ — the acceleration of
the waste-gate, p;, p;, p.; — receiver pressure, pressure before and after turbine respec-
tively.

The User can use the predicted value of waste-gate opening pressure, which is
calculates with assumption, that p; = p, and p., = 100 kPa, for setup the parameters
for waste-gate control system. The actual value of opening pressure will differ from
predicted.



B VNT  FREE TURBOCHARGER#1 TRANSIENT & CONTROL

Parameter Data [ Units | Caption

Jre 0.002-5_ ' kg'm? ' Moment of inertia of the turbocharger

Dgat I a3 mm | Diameter of the diafragm
Copr '—3500 ' N/im ' Actuator spring rate

Fsprst I 15| N | static spring tight

_ | | Predicted reciever pressure ps for WG opening (ps = prand pg = 100 kPa), kPa: 69.5

Mace 10 ] Mass of actuator mooving parts

dws ‘—35 I mm | Diameter of the waste-gate valve

Useat WG 1B 26 I mm | Diameter of the wasle-gate valve seat
hws [3 I mm ' Waste-gate valve lift
Huws ’—06 I - Average discharge coefficient of the waste-gate valve
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Fig. 2.7.9. The turbine control with waste-gate.

For the variable nozzle turbine control strategy the actuator is also assumed for
the nozzle position change (see Fig. 2.7.10). For this case the Newton’s law of mo-
tion is:

P, - F;vprmg = Mo Jynr -

The User can also use the prediction for the activating pressure for actuator.

The change in nozzle blades position causes the change in the turbine perfor-
mance maps. This change is considered with the multipliers for turbine flow map uG,
and turbine efficiency map un,, which are calculated from equations:

UG, =| uGm + Zn% (uGtmax —uG™ )} G
VNT
un, =a,(uG, )’ +buG, +¢, if pG,<1;
un, = a,(uG, ) +b,uG, +¢, if uG,> 1.
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PG | 0.45

air pressure
from receiver

Units
kg'm?
mm

N/m

Caption
Moment of inertia of the turbocharger

Diameter of the diafragm
Actuator spring rate

Static spring tight
Predicted reciever pressure p, for VNT opening (pg = 100 kPa), kPa: 291.0
Mass of actuator mooving parts

VNT actuator lift

Nominal (basic) value for pG;
Maximum for pG;

Minimum for uG;

Coefficients for the equation of ne, = f(UGy) for the range of pG, = min...1

Coefficients for the equation of n, = f(uGy) for the range of PG, = 1...max

Fig. 2.7.10. The turbine control by variable nozzle.



3. Computation options and core setup

BlitzPRO offers flexible setup of the computation options depending on the
particular goal of the current calculation. These options are grouped in the “Calcula-
tions setup” dialog, which opens by click on the “Calculate” button on the main page
or by click on the “Calculate” icon at the page header.

<« (6l © blitzpro.zeddmalam.com/application/index

Kinematics Heat Valves Fuel Charge Transient

“Calculate” icon D B H

2017-10-10 16:30:58]

MARK OF THE ENGINE:
Q{} CALCULATE
IGNITION TYPE:
« v CALCULATE TRANSIENT OPERATING CYCLE TYPE:
Calculate” button
3 THE TYPE OF CALCULATIO!
| KINEMATICS

Parameter Data Unit

Py | 14280 kw
m HEAT TRANSFER Nerank ‘ 105 rpn

Fig 3.1. “Calculate” button (available on the main page only) and “Calculate” icon
(available on any page except “Report”) both trigger the “Calculations setup” win-
dow.

=)
s i ———————————
Opcyr 0.05 %, incylinder density
Opres 0.05 %, reciever density
OPexh 0.06 %, exhaust manifold density
oMk 0.05 %, pressure insrease ratio
oPrc 0.05 %, turbocharger's power
balance
» MeshGenerator Setup
Mava Catiim v
start stop close

Fig. 3.2. Accuracy setup.

Calculation setup dialog offers the number of options, grouped in the sections:
accuracy setup, mesh generator setup, core setup and configure solutions options. It
also has the compute log option to display the progress of calculations.



“Accuracy setup” options include the set of calculations accuracies or preci-
sions of numeric calculations. These accuracies for same parameter y are calculated
by equation:

5., [1(0=360/7)-y(0=0]
M0 =360/7)+ y(0=0)

For incylinder, receiver and exhaust manifold densities y(¢ = 0) means the val-
ue of corresponding parameter at the beginning of the operating cycle, and
y(@ = 360/y) indicates the value of this parameter at the end of the cycle (y — stroke
factor, x = 0.5 for four-stroke engines and y = 1.0 for two-stroke engines).

For pressure increase ratio accuracy (0Il;) y(¢ = 0) means the value of I, for
previously calculated cycle, while y(¢ = 360/y) is the value of I1, for the last cycle.

Turbocharger’s power balance accuracy is given as:

‘Pturb -k

compr

SPr¢ = :200%,
Pturb +F, compr
where P,,;, — power, delivered by the turbine, P, — power, consumed by compres-
Sor.

-200,% .

Generally, the recommended value for all accuracies is 0.04...0.06 %, and in
most cases there is no reason to change them. But sometimes at some computational
iteration for numerical calculations reasons the solver can’t find the solution for cur-
rent set of accuracies. From “Compute log” the User can find out which accuracy
can’t be reached and then change its value in the “Accuracy setup” window.

Calculations setup

Accuracy Setup

A@pase 0.2 CAD, basic mech step
A@overiap 0.1 CAD, mesh step for
valves(ports) overilap
A@comb 0.2 CAD, mesh step for
combustion
®Pcomb.mesh 50 CAD, duration of mesh

segmentation for combustion

Core Setup

M ambimvn calidinme amstinme

start stop close
Fig. 3.3. MeshGenerator setup.

“MeshGenerator setup” options help to generate the computational mesh as the
sequence of time steps, expressed in crank angle degrees.

The User currently can set any value of the time steps, which obey the condi-
tion A@ > 0.1 and multiple to 0.1 (Ap =0.1, 0.2, 0.3... etc).

To increase the speed of calculations and for memory saving reasons BlitzPRO
offers the ability to set the computational mesh with variable step by crank angle.




The calculation time step influences greatly on the overall accuracy of calcula-
tions. Fig. 3.4 illustrates this relation for the test task: comparison of analytic and
numerical computation results for incylinder pressure p at the end of adiabatic com-
pression of the air. The simple Euler method is extremely sensitive to the calculation
time step (the calculation error rises up to = 2 % at the step Ap = 1 c.a.d), while
Runge-Kutta methods demonstrate much more accurate results. But even for the se-
cond order implicit Runge-Kutta method change of time step from 0.1 to 1 c.a.d.
leads to computation error rise from 0.0001 to about 0.02 % (200 times!).

X
= 10 —O
e T T T ] 4:]
0.1 6 8 10
0.001
0.00001 -
0.0000001 -
1E-09 -
1E-11
A, c.a.d. A@, Tpaj m.K.B.
a b

Fig. 3.4. Computational accuracy of numeric methods for the adiabatic compression
of air test task (a — absolute scale; b — logarithmic scale for norms of accuracies):
—o-simple Euler method,
—0~ fourth order Runge-Kutta method,
—0- second order implicit Runge-Kutta method.

Fig. 3.4 demonstrates, that in terms of numerical errors the largest reasonable
time step 1s about Ap = 2 c.a.d. for Runge-Kutta second order implicit method and
about A = 0.2 c.a.d. for simple Euler method.

But for some processes of the cycle the computation step has to be decreased.
These processes are: fuel injection (which can take time about 1 c.a.d. for pilot injec-
tion), fuel combustion (especially the kinetic combustion phase for diesel engines),
scavenging period of gas exchange processes and the period of free exhaust (exhaust
blowdown). Using for these sections of operating cycle the steps Ap > 0.5 c.a.d. for
Runge-Kutta is not recommended.

The base time step for entire cycle is given by A@p,s. and with A@gyeq, the User
can set the time step for valves and ports overlap period (which means the period
when both exhaust and intake valves/ports are opened), and for fuel injection-
evaporation-combustion period the User can change the values of A, (time step)
and @..m» (period of time for combustion time step).

Generally it is recommended to use AQp,e = 1 c.a.d.. AQ,yergpy = 0.2 c.a.d.,
AQ.omp_=10.1 c.a.d. and @y, =40...70 c.a.d.




Table 3.1 illustrates the example of influence of mesh steps generation on the
computational results. To define the total calculations error the equation being used:

where N — total number of engine cycle controllable parameters (air excess rato, indi-
cated efficiency, bsfc, etc), x;, x; £ — values of the i-parameter for current mesh and
etalon mesh correspondently.

Table 3.1
Mesh time steps and calculation results.

For-stroke eight-cylinder truck diesel engine (bore 12 cm, stroke 12 cm), injected fuel
mass per cycle g, = 42 mg/cycle at 1600 rpm.

Param. | Units Value

AQpase °cad. [ 0.1 | 0.2 05 | 05 | 05 1 1 1 1 2 2 2 2 2

AQovertap | ° cad | 0.1 0.2 0.1 0.2 0.5 0.1 0.2 0.5 1 0.1 0.2 0.5 1 2

A@comb °cad. | 0.1 0.2 0.1 0.2 0.5 0.1 0.2 0.5 1 0.1 0.2 0.5 1 2

N nodes - 7200 | 3600 | 2220 | 1732 | 1440 | 1612 | 1117 | 820 | 720 | 1311 | 811 | 511 | 411 | 360
Opcyl % 0.007 | 0.015 | 0.004 | 0.016 | 0.014 | 0.027 | 0.006 | 0.005 | 0.040 | 0.019 | 0.009 | 0.009 | 0.013 | 0.006
OPres % 0.012| 0.014 | 0.005 | 0.008 | 0.013 | 0.033 | 0.005 | 0.005 | 0.038 | 0.043 | 0.009 | 0.028 | 0.038 | 0.005
OPexh % 0.005| 0.014 | 0.004 | 0.015 | 0.012 | 0.009 | 0.005 | 0.002 | 0.034 | 0.027 | 0.008 | 0.010 | 0.013 | 0.016
O0P1c % 0.015| 0.033 | 0.027 |-0.010 | 0.044 | 0.035 [-0.044|-0.005|-0.030| 0.008 |-0.015|-0.022 | -0.035 | -0.036
oIl % 0.034 | 0.039 | 0.040 | 0.044 | 0.045 | 0.026 | 0.044 | 0.011 | 0.034 | 0.046 | 0.047 | 0.044 | 0.022 | 0.040
Ni¢ - 293 311 360 307 323 | 281 | 308 | 320 | 391 212 | 267 297 365 349
Tx S 292.04| 146.81 |125.072(79.887(67.794|78.373|57.261|48.646| 55.38 |51.713|42.749|34.873 | 37.231 | 32.71
Tit S 0.997 | 0.472 | 0.347 | 0.260 | 0.210 | 0.279 | 0.186 | 0.152 | 0.142 | 0.244 | 0.160 | 0.117 | 0.102 | 0.094
Mempr - 1.5700| 1.5721 | 1.5703 [1.5726|1.5748(1.5676(1.5724|1.5747(1.5864|1.5625(1.5695| 1.5758 | 1.5849 | 1.6007
a - 3.306 | 3.310 | 3.305 | 3.306 | 3.310 | 3.298 | 3.300 | 3.302 | 3.325 | 3.286 | 3.281 | 3.287 | 3.314 | 3.336
Ni % 4549 | 4545 | 45.46 | 45.43 [ 45.62 | 45.44 | 45.40 | 45.60 | 45.36 | 45.30 | 45.29 | 45.48 | 45.32 | 45.50
Mm % 64.82 | 64.77 | 64.82 | 64.77 | 64.87 | 64.82 | 64.80 | 64.91 | 64.61 | 64.72 | 64.80 | 64.92 | 64.61 | 64.45
by g/(kW-h)| 284.0 | 284.4 | 284.1 | 284.5 | 282.9 | 284.3 | 284.6 | 282.9 | 285.7 | 285.6 | 285.2 | 283.6 | 285.9 | 285.5
Py kW 56.80 | 56.72 | 56.77 | 56.69 | 57.02 | 56.74 | 56.68 | 57.02 | 56.46 | 56.48 | 56.55 | 56.88 | 56.42 | 56.50
Pmax kPa |6676.2| 6663.7 | 6678.4 [6662.6(6612.3|6670.5/6656.9/6603.0|6492.6|6659.4|6614.4| 6562.8 | 6493.8 | 6485.1
tmax °C 1056.2| 1052.0 | 1056.3 [1052.5{1051.3{1057.3{1053.4|1052.7{1030.6{1059.1 {1056.9| 1055.1 | 1032.5 | 1009.5
t; °C  |430.1| 429.2 | 430.4 | 429.7 | 425.3 | 431.0 | 430.3 | 426.2 | 422.5 | 432.4 | 432.2 | 427.8 | 422.9 | 411.6

Nempr.ad % 67.63 | 67.60 | 67.64 | 67.60 | 67.57 | 67.44 | 67.63 | 67.59 | 67.42 | 66.81 | 67.39 | 67.62 | 67.45 | 67.39
Net % 53.30 | 53.30 | 53.31 | 53.30 | 53.25|53.28 | 53.31 | 53.27 | 53.20 | 53.22 | 53.24 | 53.24 | 53.17 | 52.92
Ntc % 36.05 | 36.03 | 36.06 | 36.03 | 35.98 | 35.93 | 36.05 | 36.01 | 35.87 | 35.56 | 35.88 | 36.00 | 35.86 | 35.67
Oy % 0.00 | 0.34 0.12 | 033 | 1.55 | 039 | 044 | 1.50 | 339 | 1.24 | 145 | 1.88 3.32 5.30

In Table 3.1: N,,4.s — number of computation steps, N; — total number of itera-
tions for successive calculation, ty — total computational time, 1; — average time per
one iteration, oy — overall calculation error.



Fig. 3.5 illustrates the example of the total number of computation nodes influ-
ence on the computational iteration average time and overall calculation accuracy.
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Fig. 3.5. Influence of the total mesh size on the average
one iteration time and overall error of calculations.

» Accuracy Setup

» MeshGenerator Setup

Nit 100 the limit for iterations

Solution |Runge-I ¥ the numeric method of solution

Use real gases state equations

Configure solutions options

» Compute Log g

start stop close

Fig. 3.6. Core setup.

“Core setup options” window 1is used to set the limit of iterations for current
calculation, to choose the numeric method of solution and to trigger the type of gases
state equations. The limit for iterations sets the maximum number of iteration, if this
number exceeds — the calculation stops even if the desired accuracy of calculation is
not reached. It prevents the endless calculation loop if the solver cannot find the solu-
tion for current set of accuracies and the User forgets to stop it with the “Stop” but-
ton.



The User can choose between simple Euler and second order implicit Runge-
Kutta method. The simple Euler method provides the maximum speed of calculation
(generally more than twice faster at the same mesh), but has significant numeric er-
rors (see Fig. 3.4) and is recommended for rough calculations only.

The second order implicit Runge-Kutta method provides much more stable and
accurate calculations and is preferred. Let’s consider this method using an example
for the adiabatic air compression task. It has two steps:

1) at the first step (predictor), which is actually a simple Euler method, the pre-
dicted values of the next time layer parameters are calculated:

TH T 4 p'AV! ,

m-c,

~ mR“THl .
VHI ’

2) at the second step (corrector) the more accurate calculation executes using

predicted parameters:

i+l

T T 4 Pi +pi+l iﬂ,
2 m-c

B mRuTiH
- Vi+1

The checkbox “Use real gases state equations” is to trigger between the ideal
gas state equations for open thermodynamic systems and Berthelot equations for real
gases (see section 1.2). The Berthelot equations are to be applied to all gases, which
form the incylinder gases mixture (including fuel vapor). It provides more accurate
calculations in the high pressure range (about 1% calculations accuracy increment at
10 MPa, 1.5% at 15 MPa, 5 % at 20 MPa and up to 15% at 30 MPa).

Calculations setup

i+l

Choose the supercharging system configuration

N

Choose the type of solution
Find I'l g Find pF wg Find pG m

Adjust to maximum pressure limit & maximum
pressure rate limit

Use control maps to set combustion dynamically
Use equations to find pressure losses dynamically

Compute Log -
start stop close

Fig. 3.7. Solution options setup.

“Configure solution options” window is used to switch between different
modes of calculation routine. The simulation core can be assumed as combination of



internal loop, which executes until the values of densities errors reach the limit (6p,,,
OPyes» OPexn), and external loops (see Fig. 3.8). Number and purpose of these external
loops varies depending on the current configuration of the engine and could be set by
the User. External loops can be switch into sequence or parallel arrangement on each
step (iteration), depending on the current conditions.

External loop (loops)

Internal loop

> l':(),l....Nm,deS

Internal core

Set of differential equations to
find the working gases state for
each crank angle degree ¢(7)

8pcyl.inst < 8pcyl &
8pres.inst < 8pres &
E‘)pexh.inst < 8pexh

6rIk.inst < Snk & (OI')

Pmax.inst <pmax.rate &(OI')
OPrc inst < OPrc &(0r)
another conditions

Adjustment

Fig. 3.8. Internal and external loops of simulation algorithm.

The User can set external loops for:

1. Adjustment injected fuel mass per cycle to reach desired brake power. It is
activated for diesel engines only by selecting this option from “Type of calculation”
list on the main page.



2. Adjustment fuel injection advance (spark timing advance) to limit desired
maximum pressure in the cylinder and (or) maximum pressure rate. It is activated by
“Adjust to maximum pressure limit & maximum pressure rate limit” checkbox on the
“Configure solution options” window.

3. Find conditions for turbocharger’s turbine and compressor power balance:

3.1. The User can opt “Find I1;” to set the loop for search of the value of I1,
which provides the equality of compressor and turbine power, while
turbine geometry remains the same.

3.2. Another option is to obtain the desired value of I1; by changing the flow
area of turbine’s waste-gate valve puFy (by selecting “Find uFys” op-
tion).

3.3. Option “Find pG,” triggers the loop of adjusting turbine geometry (value
of turbine equivalent flow area pF; for calculations without using tur-
bocharger’s performance maps or turbine reduced flow multiplier pG,
if performance maps of turbocharger are activated) for desired level of
I1;.

3.4. Calculations under “Free” mode provide the fastest result, but the man-
ual adjustment of turbocharger performance to reach the compressor
and turbine power balance is needed!

For diesel engines the User can also activate automatic adjustment of fuel in-
jection parameters using the interpolation of Control maps (whip can be uploaded on
“Transient page”). For spark-ignition engines Control maps are used to set the com-
bustion parameters of Wiebe combustion model. Usage of Control maps is activated
by opting “Use control maps to set combustion dynamically” checkbox.

Option “Use equation to find pressure losses dynamically” checkbox activates
the equations for air inlet filter resistance, charge air cooler resistance and turbine
backpressure adjustment in respect to engine air flow.

“Compute Log” window activates when the User runs calculation by pressing
“Start” button. This window displays the log of calculation on-line. It shows infor-
mation about calculation steps (iterations) in reverse order. For each step the current
values of computation errors (which are set at “Accuracy setup” window) are dis-
played.

The User can break off the calculations by pressing “Stop” button. The routine

will continue iterations until it reach the closest iteration number divisible by 10 (i.e.
10, 20, 30 ... etc).

The calculation also stops if:

1. The routine finds the solution with desired values of errors. In this case the
first raw of compute log is filled with -1.000 values.

2. Some error occurs during calculation. In this case the error is displayed
above compute log table. The error message contains information about current ex-
ception, which helps to understand its origin. To fix the error the User should inspect
initial data and make necessary changes.



» Accuracy Setup

» MeshGenerator Setup
» Core Setup

» Configure solutions options

" Compute Log

Step|pcyi, %|0pres, %|0pexn, %0k %|0Prc, xlapﬂll
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F-ig. 3.9. Compute Log widow.

» MeshGenerator Setup =

» Core Setup
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- Compute Log

Error occured!
Initialization error:
blitzpro.server.core.calculation.CalculationExceptic
Speciefic heat calculation error: Wrong type of
gas in the heat capacity function!!!")
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start close

Fig. 3.10. Error message for emergency calculation shutdown.




4. Report and analysis
4.1. Report table

The results of calculations are gathered in “Report” and “Charts” pages.

“Report” page is a table, which is filled with data after successful calculation
and presents the main information about engine’s operating cycle and some calcula-
tion statistics.

uel Charge Transient D Report Diagrams Transient charls User - diomed

Parameter | Data Units ! Caption
Brake engine performance

Py KW Brake output power
Nera pm Crank speed COPY titles to
clipboard
a Air excess ratio
ar gicycle Fuel mass per 1 cycle (main fuel) co::pg::: ic
Ty N°m Brake output torque
Py kPa Brake mean effeclive pressure SHOWTMAR
Ps KW Power of friction losses
Dy kPa Mean effective pressure of friclion losses
Ne % Brake efficiency
N % Mechanical efficiency
by @/(kW*h) _Srake speciefic fuel consumption
Indicated engine performance

Pig kW Gross indicated power (comprassion&expansion strokes)
Pig kPa Gross indicated mean effective pressure (compression&expansion strokes)
n % Indicated efficiency (uses gross indicated data)
b; @/(kW*h) _!ndlcalea speciefic fuel consumption (uses gross indicated data)

Gas exchange
G kg's Intake valves(ports) mass flow

8S90ME-C heat inertia 30%¢

Fig. 4.1.1. “Report” page.

The information is grouped into blocks: “brake engine performance”, “indicat-
ed engine performance”, “gass exchange”, “pressures & temperatures”, “combus-
tion”, “toxic emissions prediction”, “walls temperatures and heat transfer parame-
ters”, “supercharger(s) parameters”, “energy balance” and “accuracy of calculations”.

The button “walls temperatures and heat transfer parameters” is interactive and
triggers the dialog window with cylinder liner hot surface temperature distribution
(see Fig. 2.2.1).

The button “Show TMAP” activates the dialog window with supercharger per-
formance maps superimposed with the average for cycle operating point (yellow).
The interpolated lines for current compressor speed are also presented on the com-
pressor’s flow and efficiency maps (Fig. 4.1.2).

The button “COPY titles to clipboard” fills the clipboard with the list of pa-
rameters titles, which can be pasted to any table editor.

The button “COPY values to clipboard” serves the same purpose for parame-
ters values.

With the last two buttons the User can form the table with calculations results

(see Fig. 4.1.3 for the example).



lw Compressor efficiency | Turbine flow Turbine officiency & oS LG ‘

Flow map of the compressor

- 0.5

— 1600
= 2200
- 2700
- 3100
- 3500
= 4100
== 4500
= 4800
= 5100
= 5400
- 5700

Use extrapolated maps only!

Reset zoom

- 6300
== 6600
- 6900
- 7200
- 7500
— 7800
- 8100
—— B400
= §700

— 9300
- 9600
- 9900
= 10200
=== 10500
= 10800
- 11100

1727

-

Fig. 4.1.2. Performance map of turbocharger’s centrifugal compressor with av-
erage operating point (yellow). Blue line shows the current speed of turbocharger.

B c D E F G H 1 J K L

1
2
3 Number of strokes Four-stroke Four-stroke Four-stroke Four-strok: Four-strok Four-stro Four-stro Four-stroke
L. gnition type Bl Compressioi Compressioi Compressic Compressit Compressi Compres Compres Compression-igniti
5 CombiBonmadal bast op bust_optcombust of combust o combust o combust (combnest: combust optl
6 Supercharging system [l sc_opt2 sc_opt2 sc_opt2  sc_opt?  sc_opt2 sc_optl sc_optl sc_opt2
7 Type of the supercharger Bl scl_opt2  scl_opt2  scl _opt2 scl_opt2 scl _opt2 scl_opt2 scl_opt2 scl_opt2
8 TMAP1 check B checked  checked  checked checked checked checked checked checked
9 TMAP1 name ABB TPL76 ABB TPL76 ABB TPL7/ABB TPL7 ABB TPL' ABB TP1ABB TPIABB TPL76
10 del ro_cyl, % 0.0467625 0.0311859 0.0111322 0.005091 0.005164 0.00184 0.00514 0.00183
1 del ro_res, % 0.0420594 0.0017986 0.0186156 0.0048382 0.014882 0.00213 0.00072 0.00012
12 del ro_exh, % 0.0236189 0.0188957 0.0162797 0.0067738 0.000215 0.00278 0.00018 0.00186
13 del Power_TC, % 0.0655115 -0.1329678 0.169605 -0.040061 -5.84164 -609887 -47268 -54627
14 del Pik, % 0.0164441 0.0076221 0.0244039 0.0127933 0.005216 0.00547 0.01146 0.00028
5L Number of Iterations 16 18 13l S o
17 crank speed 1000 966 896 797 720 654 600 550
13
19 Fuel mass per cycle, g 1.2147151 1.1411 0.9989 0.8298643 0.70068 0.57875 0.45931 0.3305
20 Friction power, kW 432.60895 406.51534 35549582 290.4425 243.1246 205.313 178.412 155914
21 Brake torque, N*m 28077.537 26266.1 22620.401 18104.202 1444322 10907.3 7687.17 4653.13
2 Brake mep, kPa 1538.3266 1439.0807 1239.3382 991.90236 791.3228 597.595 421.169 254.938
23 Friction mep, kPa 226.33745 22017131 207.58091 190.6614 176.6678 164.248 155.573 148.314
24 Brake efficiency, % 42.720377 42.433111 41.62297 40.108081 38.1732 35.4584 31.6191 26.7341
25 Mechanical efficiency, % 87.173907 86.730689 85.653593 §3.877284 81.74902 78.4407 73.0256 63.2205
26 Brake sfc, g/(kw*h) 196.89 198.22292 202.08109 209.71372 220.3435 237.214 266.017 314.625
27 Gross indicated power, kW 3396.7031 3077.623 2481.9899 1804.8271 1344.346 976.396 680.946 438.652
28 Net indicated power, kW 33728817 3063.5752 2477.9432 1801.449 1332118 952.319 661.411 423915
29 Pumpins strokes power, kW -23.821407 -14.047719 -4.046676 -3.378167 -12.2275 -24.077 -19.534 -14.737
30 Gross mean indicated pressure, kPa 1777.1272 1666.8603 1449.2821 1184.7814 976.8758 781.104 593.775 417.271
) Net mean indicated pressure, kPa 1764.664 1659.252 1446.9191 1182.5638 967.9906 761.843 576.742 403.252
32 Indicated efficiency, % 49.005922 4892514 48.594541 47.817571 46.6956 45.2041 43.2986 42.2871
33 Indicated sfc, g/(kW*h) 171.63671  171.9201 173.08971 175.90217 180.1286 186.072 194.261 198.908
34 Volumetric efficiency, % 95828416 96.011566 96.248273 96.245514 94.95815 90.4751 91.0549 91.7238
EL Residual gases fraction, % 1.1234716 1.1226201 1.1495262 1.2704558 1.819116 3.50991 2.9739 23167
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of the report table, exported to

table editor (for series of



4.2. Charts and diagrams of the operating cycle

The “Diagrams” page displays the number of diagrams with results of per-
formed calculations. The diagrams are thematically grouped into seven blocks and
are displayed by clicking on one of the buttons:

1. “Indicated diagrams”:

e p-V diagram,

e p-¢ diagram for incylinder pressure (p_cyl), intake receiver pressure
(p_res) and exhaust manifold pressure (p_exh),

e T7-¢ diagram for incylinder temperature (T_cyl), intake receiver tem-
perature (T _res), exhaust manifold temperature (T _exh), temperature
of gases, refluxed in the receiver (T _ZG), fresh zone (T_II (fresh))
and burned gases zone (T _I (burned)) temperatures;

2. “Combustion diagrams™:

e heat-release diagram for burned fuel fraction (X), fuel burn rate
(dX_comb), used heat fraction (Ksi),

o detailed heat-release diagrams (CI-engines only) for burned fuel frac-
tion (X), fuel burn rate (dX comb), evaporated fuel fraction (Sig-
makEyv), fuel evaporation rate (SigmakKEv), injected fuel fraction (Sig)
and fuel injection rate (dSig),

e heat-release diagrams for main and ignition fuels (Dual-fuel engines
only);

3. “Gas exchange diagrams”:

e m-¢ diagram for incylinder mass (m_cyl), intake receiver mass
(m_res), exhaust manifold mass (m_exh), burned and fresh gases
zones masses (m_I(burned) and m_II(fresh) correspondently), mass
of air in the cylinder (m_air), mass of fuel vapor for Sl-engines
(m_benz) and mass of gases refluxed into intake manifold (m_ZG),

e A-¢ diagram for intake (A_int) and exhaust (A_exh) valves/ports ar-
eas;

e dm-¢ diagram for intake valves/ports mass flow rate (dm_int), ex-
haust valves/ports mass flow rate (m_exh) an refluxed gases flow
rate (dm_ZG),

e dm-¢ diagram for intake receiver incoming flow rate (dm_resIn) and
the outcoming mass flow from the intake receiver (dm_intSum),

o dm-¢ diagram for exhaust manifold incoming flow rate
(dm_exhSum) and the outcoming mass flow from the exhaust mani-
fold (dm_exhOut),

e turbocharger efficiency diagram for compressor’s (eff compr) and
turbine’s (eff _turb) efficiency;

4. “Heat transfer diagrams”:

e heat transfer diagrams for heat rate, rejected to cylinder walls (dQw),
heat rate, rejected to piston crown (dQw_pist), heat transfer rate be-
tween fresh and burned gases zone (dQ_2zone), heat transfer rate to
intake receiver walls (dQres), heat transfer rate to exhaust madifold




walls (dQexh), heat transfer rate, rejected to walls from fresh zone
(dQw_II(fresh)) and burned gases zone (dQw_I(burned));

5. “Kinematics & dynamics diagrams”:

e V-¢ — volume diagram for the cylinder (Volume), volume of burned
gases (V_I) and volume of fresh charge (V_II),

e diagram for piston velocity (Piston speed) and piston acceleration
(Piston acceleration),

e F-¢ diagram for piston force (Piston force), inertia forces (Inertia
force) and connecting rod force (Connecting rod force),

e F-@ diagram for normal force (Normal force), tangential force (Tan-
gential force) and radial force (Main bearing radial force);

6. “ Heat balance diagrams™:

e (J-¢ cylinder internal heat balance diagram for the cylinder intake en-
thalpy (I_int), cylinder exhaust enthalpy (I_exh), heat released from
fuel burning (Q _fuel), heat rejected to cylinder walls (Q_walls),
work performed by piston (Work), incylinder internal energy (U) and
energy conservation accuracy (balance),

e (-0 receiver internal heat balance diagram for the intake enthalpy
(I_resIN), outcoming enthalpy (I_resOUT), heat rejected to receiver
walls (Q _res), internal energy of the receiver gases (U_res) and en-
ergy conservation accuracy (balance),

e (-0 exhaust manifold heat balance diagram for the incoming enthal-
py (I _exhlIN), outcoming enthalpy (I_exhOUT), heat rejected to
manifold walls (Q_exh), internal energy of the manifold gases
(U_exh) and energy conservation accuracy (balance),

e S-¢ diagram for incylinder enthropy (S_cyl);

7. “Emissions formation diagrams”:

e NO formation diagram for NO volumetric concentration in the cylin-
der ([NOJ]) and NO volumetric concentration rate (d[NOJ]/d(c.a.d)),

e NO formation diagram for NO mass in the cylinder (Mass_NO),

e Soot formation diagram for soot concentration ([C]) and soot concen-
tration rate (d[C]/d(c.a.d)).

There are some options for displaying and export of diagrams.

The User can switch between low-resolution and full-resolution of diagrams in
respect to number of points for the chart. The low-resolution diagrams are displayed
after first click on the button for diagrams block and have uniform step by crank an-
gle revolution Ag = 1 c.a.d. (this provides 720 points charts for four-stroke and 360
points charts for two-stroke engines). The button after been clicked is added with the
inscription “press for full-resolution” (see number 1 on Fig. 4.2.1). The second click
on the same button will display the charts with full resolution (total mesh size) with
support of variable step by c.a.d. (see Fig. 4.2.2).

The diagrams allow zooming charts framing the desired range by mouse. The
button “Reset zoom” returns the full scope of the chart.

For diagrams with multiple rows the User can hide some of them by clicking
on their names on the legend.
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Fig. 4.2.1. “Charts” page with activated “Indicated diagrams” button:
1 — mesh resolution information, 2 — “Toggle” button to show and hide the current
diagram, 3 — buttons which add the previously calculated diagrams, 4 — block of op-
tions for diagram export.
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Fig. 4.2.2. Diagrams for heat-release rate in lov{/-. (abbve) and full-resolution (below).



The User can also superimpose the chart for several consecutive calculations
he made before using buttons “Prev 17, “Prev 2” and “Prev 3” (number 3 on
fig 4.2.1). “Prev 1 displayes previous calculation, “Prev 2” — the calculation before
previous and “Prev 3” — the calculation executed before “Prev 27 (see Fig. 4.2.3).

—— Indicated diagram Prevd Prev? Prevd =
p_cyl_prev 1
p_cyl_prev 2 |

—— p_cyl_prev 3 Reset zoom

Volume (cub.m

Fig. 4.2.3. The indicated pressure build-up for different fuel-injection advance angles.

The “Prev” buttons offer the ability to compare calculation results for different
projects — the previous calculations are stored in database by User unique id.

Clicking on chart context menu button (position 4 on Fig. 4.2.1) displays the
number of options for diagram export, shown on Fig. 4.2.4. The diagram can be ex-
ported as .png or .jpeg image, .pdf document, .svg vector image, .csv and .xls files.

lagram Prev1 Prev2 Prev3 |E|

Print chart

Download PNG image
Download JPEG image
Download PDF document
Download SVG vector image
Download CSV

Downlocad XLS

L
Fig. 4.2.4. Diagram export options.




4.3. Charts and diagrams of engine and installation transient

Transient calculations results are displayed on pages “Report” and “Transient
charts”. The “Report” page contains the results of the last calculated operating cycle,
while the “Transient charts” page offers the diagrams of the transient processes. The
diagrams are grouped in fallowing blockes (see Fig. 4.3.1): engine transient, installa-
tion transient, supercharger transient, heat transfer transient, injection&combustion
transient, incylinder transient, emissions transient. These blocks are activated with
corresponding buttons. All diagrams have the time of transient process as abscissa.

i‘ﬁ Kinematics Heat Valves Fuel Charge Transient Login Report Diagrams Transient charts User : diomed

toggle Pressures diagram
ENGINE TRANSIENT

I 1 exhaust average pressures transient =
—— p_S experiment
—-p k
INSTALLATION TRANSIENT - p_t
275 p_t experiment
p_zt
SUPERCHARGER TRANSIENT __"'—_-——__-_-—-
HEAT TRANSFER TRANSIENT
INJECTION & COMBUSTION . i
TRANSIENT 150 ml‘

INCYLINDER TRANSIENT

EMISSIONS TRANSIENT

BRAAXRALMED e toggle Temperatures diagram
Choose File | No file chosen
_Upload Now |

- 2) 0 : e

Lzt

\ 1) - s [take and exhaust average pressures transient

Fig. 4.3.1. “Transient charts” page.

Click on the button “Engine transient” displays diagrams:

® 7.q.u-T diagram for engine speed (rpm),

e P-t diagram for engine brake power (Pb), indicated power (P ind),
power of engine load (P load), power of friction losses (Pfr), power of
pumping stroke (P pump),

e gas exchange transient diagrams for air excess ratio (alpha), trapped air
ratio (Fi scav), residual gases fraction (gamma r),

e n-t diagrams for brake efficiency (eff brake), indicated efficiency
(eff ind), mechanical efficiency (eff mech) and volumetric efficiency
(effv),

e p-t diagrams for intake receiver pressure (p_s), the pressure after con-
pressor (p_k), exhaust manifold pressure (p_t) and the pressure after
turbine (p_zt),



e -t diagrams for intake receiver temperature (t_s), the temperature after
conpressor (t_k), exhaust manifold temperature (t t) and the tempera-
ture after turbine (t_zt).

The “Installation transient” button shows the diagrams:
e v-1 diagram for installation speed (speed),
e -1 and j-t diagrams for vehicle travel (travel) and acceleration (accel-
eration),
e -t and n, -t diagrams for propeller relative pitch (relative pitch) and
propeller efficiency (efficiency),
e diagrams for propeller thrust (thrust) and torque (torque).

The “Supercharger transient” button shows the diagrams:

e P-t diagram for supercharger’s compressor power (Power compr),
turbine power in static (Power_turb) and pulsating flow, or actual tur-
bine power (Power_turb_imp) and supercharger’s speed (rpm_TC),

e n-t diagrams for compressor adiabatic efficiency (eff compr), turbine
efficiency in static (eff _turb) and pulsating flow (eff _turb_imp),

e [I-t diagrams for compressor pressure increase ratio (II_empr) and tur-
bine pressure drop ratio (II_turb),

e G-t diagrams for intake wvalve/ports total flow (G_int), exhaust
valve/ports total flow (G_exh), exhaust gases flow through the waste-
gate (G_WG) and waste-gate effective area (f WG).

The “Heat transfer transient” button shows the diagrams:

e (-t diagrams for the burned fuel heat (Q_fuel), the heat, rejected to the
cooling water/air (Q_w), the heat rejected to the oil (Q_m), the heat
taken from scavenge air in charge air cooler (Q _cac), the heat of ex-
haust gases (Q_exh) and the heat rejected to the walls of the intake re-
ceiver (Q_int.receiver) and exhaust manifold (Q_exh.manifold).

Click on the “Injection and combustion transient” button displays the diagrams:
e -1 diagrams for the injection advance (Inj_start), injection duration
(Inj_duration), the combustion start (comb_start) and duration
(comb_duration),
e g, diagram for the fuel mass, injected per cycle (q_z),
e diagrams for injection average pressure (press_inj) and fuel droplets
Sauter diameter (d_32).

The “Incylinder transient” button shows the diagrams:

e p-1 diagrams for incylinder maximum pressure (press_max), fuel igni-
tion pressure (press_ignition), and the incylinder maximum pressure
rate (dp_dfi_max),

e ¢t diagrams for incylinder maximum average temperature
(tempr_max), burned gases zone maximum  temperature
(tempr_I _max (burned)), fresh charge zone maximum temperature



(tempr_II max (fresh)) and the temperature of fuel ignition
(tempr_ignition),

e -t diagrams for walls temperatures of the cylinder head (tempr_head),
piston crown (tempr_piston), cylinder liner (tempr_liner), intake re-
ceiver (tempr_receiver) and exhaust manifold (tempr_exhaust),

e -1 diagrams for average heat transfer coefficients from gases to walls
for the cylinder (alpha _m_cylinder) and the exhaust manifold (al-
pha_m_exhaust).

The “Emissions transient” button shows the diagrams:

e diagrams for incylinder concentrations of nitric oxides ([NO] c¢yl) and
carbon monoxide ([CO] cyl) at the exhaust valves/ports opening and di-
agrams for exhaust manifold concentrations of nitric oxides ([NO] exh)
and carbon monoxide ([CO] exh),

e diagrams for specific emission of nitric oxides (g _NO) and soot concen-
tration (Soot).

The User can also add the experimental diagrams or diagrams from another
source on the corresponding charts to use these diagrams as the reference. The exper-
imental diagrams are to be imported from .csv file (see section 1.5) via the interface,
marked 2) on Fig. 4.3.1. Before import the User should select the parameter for im-
post with the selection list, marked 1) on Fig. 4.3.2.

The options of diagrams zooming and exporting are the same as described in
section 4.2.



5. Supercharger matching

As it was mentioned, for the most cases usage of performance maps of the su-
percharger helps to increase the accuracy of calculations.

The User should match the maps correctly before running calculations. Let’s
consider some examples of proper matching of the supercharger’s performance maps.

Matching the turbocharger to marine main engine.

For marine diesel engines generally the matching point for the turbocharger is
the operation of the engine at rated conditions (speed and load).

For example, assume that the engine has 2460 kW rated power at 750 rpm
crankshaft speed. The supercharged air pressure is 372 kPa absolute, which means
compressor’s pressure increase ratio I, = 3.72.

It is recommended to execute calculations with manual set-up of turbocharger
parameters first (uncheck the checkbox “Use characteristics map for supercharger
performance”, see section 2.5). Don’t forget to adjust turbine flow area pF,,, proper-
ly to reach the balance of turbine and compressor power.

From the report table find the values of: intake air flow G,,, = 4.749 kg/s, ex-
haust gases flow G.,, = 4.7627 kg/s, pressure drop ratio at the turbine I, =3.0, ex-
haust gases pressure p, = 335.8 kPa and temperature ¢, = 538.4 °C.

Next step is to switch to the turbocharger performance maps mode (check the
checkbox “Use characteristics map for supercharger performance”) and to set all mul-
tipliers for performance map adjustment equal to 1.0 (see Fig. 2.5.6 and 5.1).

ABB VTR354 v | TMAP selection, load and adjustment
TMAP file | Choose File | No file chosen
Show maps
Upload Now
BGy 1
PN, 1 - Multiplier for compressor pressure increase ratio data
T 1 - ' Multiplier for compressor adiabatic efficiency data
Hn 1 - ' Multiplier for compressor adiabatic efficiency data
HG; 1 - I Multiplier for turbine reduced mass flow data
un; 1 - ' Multiplier for turbine pressure drop ratio data
PN 1 - | Muttiplier for turbine efficiency data
un; ' 1 - ' Multiplier for turbine reduced speed data

Fig. 5.1. Setting the multipliers equal to 1.0

Next step is to choose the closest turbocharger performance map from the list
of maps, or uploading the User own performance map. For this example the ABB
VTR354 performance map suites the best. The intersection of blue lines on Fig. 5.2
for standard map shows the predicted operating point of the turbocharger. As it is
seen from this figure, the predicted point lies in the range of lower values of com-
pressor’s adiabatic efficiency. To adjust the map better to the engine the uG; is to be
altered, but it is better to keep some distance from surge line for stable calculations.
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Fig. 5.2. ABB VTR354 compressor scaled map (uGy = 1.05).

To match the turbine map the turbine reduced flow must be calculated first:
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As it is seen from Fig. 5.3 and 5.4 scaling of the turbine flow map could be
done with the multiplier pG

i
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Fig. 5.3. ABB VTR354 turbine standard map (all multipliers set to 1.0).
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Fig. 5.4. ABB VTR354 turbine adjusted map (uG, = 0.82).

The maximum efficiencies of compressor and turbine could be adjusted with
the multipliers un; and pn,.

The next step is to execute calculations with activated turbocharger’s maps. To
reach the balance of powers of turbocharger compressor and turbine adjust value of
nG;. For this example the balance is reached with pG, = 0.965.
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Fig. 5.5. Compressor map and turbine efficiency with the operating points.

From the “Report” page click “Show TMAP” button to see the average operat-
ing point on the compressor flow map and turbine efficiency map (Fig. 5.5). Adjust
these maps precisely: compressor map altering pGy and turbine flow map with pn,
multiplier. The last helps to match better the turbine speed to the current compressor.
In this example the final values of nG; = 1.02 and py, = 1.15 provide the best turbo-
charger map matching.
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Fig. 5.6. Compressor map and turbine efficiency map after final tuning.

Matching the turbocharger to automotive engine

For automotive engines matching the turbocharger is much more difficult task,
because these engines operate in wider range of speed and load at transient condi-
tions. Matching of the turbocharger depends on the type of turbine control: fixed ge-
ometry turbine (not controllable), turbine with waste-gate control, variable geometry
turbine (VGT or VNT variable nozzle turbine).

Consider the task of waste-gate turbocharger matching to 2.7 liters automotive
diesel engine if the rated speed of the engine is 4000 rpm, maximum torque speed is
1800 rpm and the pressure increase ratio at the maximum torque is I, = 2.0.



First, execute three calculations in manual mode (without using the turbo-
charger map): rated power at 4000 rpm and I1; = 2.0, maximum torque at 1800 rpm
and IT; = 2.0 and minimum engine speed at 900 rpm and II; = 1.0. For these three
cases the calculated compressor’s air mass flow is 0.19, 0.087 and 0.022 kg/s corre-
spondently.

Fig. 5.7 shows the Garrett GT2252 turbocharger performance maps, superim-
posed with calculated three points. It is obvious, that the compressor suits perfectly
for the engine. The turbine map is presented by manufacturer as single line, which is
an envelope of the number of constant-speed lines. Matching of the turbine is to be
made for the maximum torque operation. The turbine reduced flow at these condi-
tions, according to the manufacturer’s manual is:

a | L 850
T
G, = 0093288 _ 0859 kg/s.
P, 1.8

tred —

Po
From Fig. 5.7 is seen, that the turbine has too big equivalent nozzle area, so
the supercharged air pressure at 1800 rpm will be less, then 200 kPa.
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Fig. 5.7. Garrett GT2252 turbocharger performance maps (Garret product catalogue).

Presented turbocharger performance maps must be converted to .tmap file and
uploaded to the Project. Calculation of three basic modes of engine operation (rated
power, maximum torque and minimum speed) with activated turbocharger’s perfor-
mance maps will help to adjust the maps precisely, using the multipliers.
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