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DIGITAL TWIN OF AN INTERNAL COMBUSTION ENGINE 

 
 

 
 

 
 

 

Abstract:  

Major marine engine companies such as Wartsila have developed both their new 4-stroke 
and 2-storke using gas and hence strongly believe that Internal Combustion Engines (ICE) 
have a place in marine power propulsion and auxiliary units. A recent announcement that 
Mazda sees a bright future for ICE is also indicative of the automotive industry has not 
lost hope in the future of ICE. This paper reports on recent developments to construct a 
digital twin of these power units with a view to improve their performance and also as a 
means of monitoring their behaviour when changes are introduced.  This paper is 
composed of two parts. Part 1 is the digital half of an Internal Combustion Engine (ICE) 
which concerns the development of a mathematical model of the ICE and a suite of 
computer simulation programs which would allow the effects of various design and 
operational changes to be reliably and accurately predicted with the ultimate aim of 
producing cleaner engines and/or more efficient power units.  The model has been tested 
against the experimental results of the Paxman engine at Newcastle University and 
earlier against the Atlas engine at Ricardo, Brighton, UK and most recently on the 
TUDEV Engine (2015).  Part 2, contains the other digital half of the ICE which describes 
the rig developments viz., the physical model of an Engine.  The key features of both Parts 
of the paper will e presented at the conference due to commercial confidentiality. However, 
the idea is to match the two parts using an earlier model developed by Ziarati (2009) to 
produce a finger print of both the mathematical model and the physical model. The 
matching of both parts would enable the mathematical model to be used for various 
design and operational changes with a view to reduce fuel consumption and/or engine 
harmful emissions. The predicted results and the experimental data are in good agreement. 
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: volumetric efficiency 
cl: clearance volume 
: gas constant 
: valve diameter 

: valve lift 
: inlet pressure 

ex: exhaust pressure 
: inlet density 

ex: exhaust density 
SR: scavenge ratio 

: polytrophic index 
: mass of fuel 

LHV: lower heating value 
: flow area 
: number of holes 
: injection period 
: injector hole diameter 

: crank angle 
: time at wall impingement 
: fuel velocity 
: mean piston speed 

Re: Reynolds number 
: wall temperature 

FMEP: friction mean effective pressure 
ECHR[cal/g]: 1st law heat release 

[kPa]: cylinder pressure 
TT [K]: combined cylinder temperature 
TAZ[K]: air zone temperature 
TBZ[K]: product zone temperature 
CHR[cal/g]: maximum possible heat release 
CQL[cal/g]: heat loss 
PWI[kW]: indicated power 
PWB[kW]: brake power 
TORQ [Nm]: brake torque 
IMEP [kPa]: indicated mean effective pressure 
BMEP [kPa]: indicated mean effective pressure 
SFCI[kg/kWh]: indicated specific fuel cons. 
SFCB[kg/kWh]: brake specific fuel cons. 
ANGPM[degree]:crank ang. at max. cylinder pres 
PMAX[kPa]: maximum cylinder pressure 
TMAX[K]: maximum cylinder temperature 
TEX[K]: exhaust temperature 
ETAM[nd]: mechanical efficiency 
DP[kPa]: initial pressure rise 
DT[s]: duration of initial pressure rise 
CCW[kJ]: compression and combustion work 
HTF[nd]: fraction of total heat lost 
FRCOM[nd]: fraction of fuel burnt 
EW[kJ]: expansion work 
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WBD[kJ]: blow down work 
WEX[kJ]: exhaust work 
WOL[kJ]: over lap work 
WS[kJ]: suction work 
VOL[cm3]: instantaneous cylinder volume 
TEMP[K]: cylinder temperature 
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1 DESCRIPTION OF THE MODEL 

The programs use the modified air standard cycle as shown in Figure 1. 

- 
 

 

 

 

The RZ Cycle is subdivided into: 

a) Closed Cycle Considerations: 

 Compression period (1-2) 

 Combustion period (2-3) 

 Expansion period (3-4) 

b) Open Cycle Considerations: 

 Blow down period (4-5) 

 Exhaust period (5-6) 

 Overlap period (6-7) 

 Suction period (7-8) 

 Pre-compression period (8-9) 

The model can be divided into two calculation parts: Analysis and Synthesis. The analysis 
part has its own program named “Heat Release Analysis Program”.  The synthesis part is 
the “Element Mixing Program”. 

1.1 ELEMENT MIXING PROGRAM 

The model assumes that after injection the air entrainment is controlled by an elemental 
fuel jet until the wall impingement. After the injected fuel impinges to the wall the air 
entrainment is controlled by an elemental wall jet and close to this jet the intimate fuel air 
mixing within the jet is controlled by turbulent diffusion. The entrainment of the fuel jet 
and wall jet is controlled by entrainment ratio and micro mixing of the remaining fuel by 
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diffusivity constant. These values are dependent on engine load, speed and boost 
depending on the application. The model can be used to predict heat release qualitatively 
for any direct injection engine using estimated values of the diffusivity constant and 
entrainment ratio. 

The mixing of air with the injected fuel in the combustion chamber is directly proportional 
to the air entrainment by the fuel jet at any instant quantities. Micro mixing of fuel and 
air depends on a simple consideration of turbulent diffusion. This expression includes an 
Arrhenius type function which controls the rate of burning (micro mixed fuel and air).  
The following assumptions are made: 

 The molar change of the cylinder content is negligible before, during and after 
combustion 

 During combustion, that is, during the period of heat release, the increase in the 
internal energy is based on the data (Gilchrist, 1947) which takes into account the 
effect due to changes of specific heat and dissociation. Hence, in considering internal 
energy and specific heat, dissociation has to be taken into account although the effect 
of its molar change on pressure and volume may be neglected. 

1.1.1 OBJECT OF THE PROGRAM 

The total fuel injected is divided into a number of elements and the individual fuel-air 
mixing history of each element is calculated independently using the model. From these 
histories an aggregate mixing condition can easily be calculated and from this latter the 
cylinder pressure and heat release are determined (Ziarati, 1991). 

1.1.2 PRE-COMPRESSION CONSIDERATION AND COMPRESSION PERIOD 

The compression period starts from the initial atmospheric conditions. The compression 
process is assumed to obey the rule: 

PV constant (1) 

Assuming compression starts at bottom dead centre, the crank angle dependent volume 
can be calculated as follows (Heywood, 1988): 

 
 

 
   

cos cos   (2) 

 (3) 

Then the trapped mass must be calculated at point 1. The following two methods can be 
used: 
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 Simplified perfect displacement model: 

. . cl.
exh .

 (4) 

 Simplified perfect mixing model: 

eff. cl .
 (5) 

The air flow through the clearance volume during the scavenge period is given by: 

. . . . ex

ex
 (6) 

For perfect mixing the scavenge efficiency: 
SR (7) 

After calculating scavenge efficiency, the loss of air to exhaust and trapped residual gases 
can be calculated.  The inlet temperature can be modified using the universal gas equation; 

.
.

 (8) 

So the temperature at start of injection; 

.  (9) 

Compression work, 

m 6
1 2 1 1 2 1 2W P V V . V V .10

 (10) 

Other parameters calculated at this stage are as follows: 

Air-fuel ratio; 

 (11) 

Total heat input per unit mass of air, 
LHV (12) 

Fractional air utilization: 

 (13) 

Applying the momentum equation (Bernoulli’s equation) the overall mean injection 
pressure is also calculated as follows: 

Volumetric flow rate, 

KA  (14) 
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Therefore; 

RPM
 (15) 

Thus 

71 0433.10 RPM  (16) 

Before the start of combustion, air zone temperature is equal to product zone temperature 
and is given by: 

TAZ TBZ  (17) 

This leads to the evaluation of the internal energy of the compressed air using the given 
Gilchrist Table (Gilchrist, 1947) and the gas constant function. There are two periods: The 
period of pre-mixed combustion and rate of pressure rise (and therefore initial rate of heat 
release) is governed by the quantity of fuel injected during the delay period. In the second 
period, the burning is controlled by the mixing rate which has an empirical expression. 

1.1.3  

The fuel injected first forms a free jet and may later form an axi-symmetric wall jet. For 
a given step, rate of injection is assumed constant, and the position of free jet at time ‘t’ 
since the beginning of injection is assumed to be governed by the following equation 
(Ziarati et al., 1988): 

1020 stpt  (18) 

Application of momentum equation leads to: 

tan dt (19) 

Integrating equation (19) and using equation (18) lead to: 

tan
042.10 stp  (20) 

 

 

1.1.4 WALL JET 

Once t is greater than TY (impingement time) the jet front changes from a free jet to a wall 
jet (Ziarati et al., 1988). Transition time, air entrainment during transition and loss of 
kinetic energy in the direction of flow for the transition are neglected. The initial 
conditions for the wall jets are: 
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tan  (21) 

and since the velocity and flow areas immediately before and immediately after transition 
are assumed to be the same, initial volume flow at wall jet can be found: 

tan
 (22) 

The equation of Glauert (Glauert, 1956) is now can be used to describe the velocity W, 
jet thickness and volume flow Q (of the wall jet) assuming again a square velocity profile 
for the jet front, 

wall 459 459
459 459  (23) 

After the end of the injection the net increment in air entrainment is then: 

jetfront jetback (24) 

Further, the jet is assumed to expand or contract with cylinder volume. 

1.1.5 MICRO MIXING 

While the air entrained by the gas jet at any instant quantifies the larger scale mixing of 
fuel and air in the chamber, intimate mixing of fuel and air is represented by a simple 
consideration of turbulent diffusion. The macro mixed quantity of air within the jet 
boundaries, as determined by air entrained E is assumed to micro mix with injected fuel 
according to the equation: 

dM
dt

 (25) 

Multiplying both sides of the equation by  and integrating: 

 (26) 

Heat release therefore; 

release
LHV
15

 (27) 

2.2 Combustion Work Done 

The combustion work can be obtained from the 1st law of thermodynamics (Heywood, 
1988, Ferguson, 1986) as follows: 

 (28) 

1.2 DELAY PERIOD 

With the following empirical expression, the delay period can be calculated (Ziarati, 
1990): 

DEL 15 375.10 RPM 38 AE 39 04 35  (29) 

Where a=0,7 to 1,0 and AE is the activation energy. 
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1.3 HEAT TRANSFER 

The heat transfer formula used in the model is Annand’s based on the actual cylinder 
piston surface areas and is calculated step by step throughout the calculations (Annand, 
1963). This equation can be expressed as follows: 

Re  (30) 

1.4 WORK DONE 

Expansion work: The expansion process starts from the condition at the end of 
combustion and this period is the last sequence of closed cycle calculations. The 
expansion work (Heywood, 1988, Ferguson, 1986): 

.10  (31) 

Closed period work done: Closed period work done is the total work of the processes 1-
2, 2-3 and 3-4: 

Pdv  (32) 

Blown-down period work done: 

 (33) 

Exhaust period work done: 

 (34) 

Overlap period work done: 

cl cl  (35) 

Suction period work done: 

 (36) 

Pre-compression work: 

Pdv  (37) 

2.6 Overall Cycle Parameters: 

 (38) 

Since the friction mean effective pressure is generally known, the brake work is given by: 

brake FMEP. swept (39) 

The power output indicated and brake can be calculated respectively as: 

.RPM (40) 

brake brake.RPM (41) 
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Similarly, specific fuel consumption is given by: 

SFCI RPM  (42) 

 

SFCB RPM

brake
 (43) 

 

 

2 HEAT RELEASE PROGRAM 

The basis of this “Heat Release” st 
(Heyw  

Therefore
AB  (44) 

 
3 RATE OF INJECTION PROGRAM 

L P 
 

RPM  (45) 

s h  

4  
 

 

 equals to: 
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Thus, 

cos  (47) 

60  

sac.  (48) 

 
 
4 VALIDATION OF THE PROGRAMS 
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22 8x0,40 3,0 1,05 1500 17,91 261,5 193,8 146 17,88 263 195 144,3 

22 9x0,35 2,12 1,05 1500 10,84 274,9 174,4 115 10,83 276 174,7 113,3 

22 9x0,45 2,12 1,05 1500 10,83 291 184,5 115 10,65 296 187 114,2 

22 9x0,35 3,0 1,05 1200 19,48 240,6 194,6 145 18,77 250 201 144,9 

20 9x0,40 3,0 1,05 1500 17,78 274,7 203,5 146 17,90 274 203 142,7 

20 9x0,40 3,6 1,1 1500 17,78 281,5 208,3 145 18,03 277 206 143,0 

20 9x0,40 3,0 1,0 1000 20,56 249,4 213,1 146 20,04 256 218 144,2 

20 9x0,40 3,6 1,05 1000 20,56 244 208,5 147 20,66 243 207 145,2 

20 8x0,35 3,6 1,05 1200 19,54 242,9 196,6 149 19,56 243 196 148,6 

20 8x0,35 3,6 1,05 1200 5,11 329,5 173,5 73 5,1 331 174 76,5 

18 8x0,45 3,0 1,05 1500 17,67 282,7 208,8 147 17,90 282 209 143 

 



MARITIME TRANSPORT VIII

 226

Table 2 above summarizes the theoretical and experimental results for various conditions. 

The test data sets are taken from previous works. 

The screenshots of outputs from “Element Mixing Program”, “Heat Release Program” 
and “Rate of Injection Program” can be seen in Figures 5, 6 and 7 respectively: 

. 
 

 

As can be seen from Figure 5, all necessary outputs are calculated and cylinder pressure, 
cylinder temperature, heat release data are predicted. Also, wall impingement time, heat 
loss and air entrainment are shown. 
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Heat release program calculates the heat released by using experimental cylinder 
pressure data according to 1st Law of Thermodynamics. From Figure 6 it can be seen 
that fuel injection starts at 163 degrees CA, because the heat release is zero before that 
crank angle. After the injection heat release is going below zero, this is because the fuel 
absorbs energy from its environment to evaporate. After evaporation the heat release 
increases. 

In Figure 6 the work done is decreasing in the compression period. But after top dead 
centre (180 degrees CA) it starts to increase due to the expansion period. 

. 
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. 
 

 
 

The predicted cylinder temperature against the experimental cylinder temperature 
calculated from “Heat Release Program” is shown in Figure 8 below: 

. 
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The graphical comparison of predicted heat release and experimental heat release data 
for a given engine condition is shown in Figure 8. The predicted heat release is gross 
heat release which includes the heat loss so the differences between the predicted and 
experimental results are the heat loss. 

. 
 

5  
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6 THE TEST ENGINE SETUP AND INSTRUMENTATION 
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Secondary D splay
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Encoder
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Driver
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Level
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220 V AC PC Engine
Stop
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Computer
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8 MEASUREMENTS 
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6 5 4 3 2( / ) 0, 7165 12, 327 82,178 282,14 508, 88 485, 06 189, 4Air Flow kg h V V V V V V      
(1) 

. . 
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8.3 FUEL FLOW MEASUREMENT 
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8.4 TORQUE AND POWER MEASUREMENTS. 

’
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LoadcelTorque(Nm) F (N) ArmLength(m)l        (2) 

 

Torque(Nm) Speed(rpm)
MechanicalPower(kw)

9550      (3) 
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9.2 LOAD CONTROL 
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10 RESULTS 

 

Table 6 Sample measurements. 
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11 CONCLUSION 
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