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ABSTRACT 

The most common car engine is a 4-cylinder 4-stroke engine. The car manufacturers have a great pressure to lower the cost of the cars 

and this deal also with the engines. The challenges are the coming new emission norms (for example EURO-6) and also the customer 

acceptance, because of the fact, that the car drives are used to the 4-cylinder engine and they want to have the same driving fun also 

from the new engines. A 2-cylinder 2-stroke engine has the same power output and torque as a 4-cylinder 4-stroke engine and thus it 

offers the same driving fun. Equal balancing is easy to make without some big additional costs, if the gas exchange of the engine is 

made by using poppet valves and camshafts. As there are only about 70% of the moving parts in the engine, its acceleration is even 

better than by a 4-cylinder engine. 

One of the latest development in 2-stroke engines is the Z-engine (1), having the compression partially transferred outside of the 

working cylinders. This offers new thermos dynamical possibilities to adjust the working cycle and the combustion. As there are 

methods to control the temperature at TDC, a HCCI-combustion is possible in the Z-engine at all loads. This lowers significantly the 

cost of the engine, as no urea injection, or NOx catalyst is needed to pass the coming EU-6 emission norm. The cost of the Z-engine is 

lower also because of the fact that it has only 2 working cylinders instead of 4.  

In 1999, Aumet Oy (73) began to research this 2-stroke car diesel engine, called the Z-engine, in co-operation with the Internal 

Combustion Engine Laboratory at the Helsinki University of Technology (HUT) and the Energy Technology Department at the 

Lappeenranta University of Technology (LUT). So far, four master’s theses, one doctor theses, five SAE Papers (71, 72) and four 

Fisita Papers have been completed on the subject. Modern simulation tools, such as Star CD, GT-Power, Diesel RK, Fluent and 

Chemkin have been used. The prototype engine made its start in December 2004 and it was tested two years in a test bench at VTT. 

In the HCCI combustion simulation of the Z-engine, a 4-dimensional ignition delay map, calculated with Chemkin and integrated in 

Diesel RK (74), has been used. The simulations and tests (1) with the test engine show that the Z-engine has a very good efficiency, 

especially at part load. A diesel fuel HCCI-combustion at all loads is possible in the Z-engine, with lambda about 1,5-1,7 and EGR-

rate 15-45%, depending of the load. The TDC-temperature at part load is about 800 K and at full load (BMEP 30 bar) about 700 K. 

The HCCI-ignition, triggered with a small amount of diesel fuel injection close to TDC (RCCI, based on the reactivity difference on 

lambda of the two air-fuel mixtures in the cylinder: early injected and ignition injection), occurs between 0°- 20° ATDC and this 

limits the pressure and maximal temperature. No knock is present, as the ignition occurs always at lower temperature than NTC 

(negative temperature coefficient) regime (30,31). NOx values are very low as the maximal temperature at full load is about 1900 K, 

because of the low starting temperature of the combustion, internal EGR and the expansion during the combustion. Internal EGR and 

active radicals stabilize the combustion (32-37) and lower the activation energy needed for the ignition. The robust HCCI-combustion 

without ignition problems (forced ignition, very early diesel fuel injection and thus active radicals) has been validated with 2-stroke 

test engines in Dr. Zheng Doctor Theses together with his research colleges in Drexel University, Philadelphia, USA, 2005, (36). 

The fuel consumption is: part load 192 g/kWh, best point 174 g/kWh and full load 188 g/kWh. The part load efficiency is much better 

than by PCI and dual fuel RCCI, best point and full load values are of the same order. The explanation for the very good part load 

efficiency is the exergy increase , when the intercooled, compressed air is led in to the work cylinder and mixed with the hot, almost 

atmospheric combustion gases , having high internal energy, but almost zero exergy. The pressure increase at the end of the gas 

exchange increases also the efficiency. This is easy to understand, when seeing the gas exchange simulations, made with CFD, 

Appendix 2. The very short time in the gas exchange of the Z-engine, about one millisecond, makes the need of the understanding of 

the gas dynamics very important. The acceleration of the gas in the intake channel, as much as 50000G and the high velocity leads to a  

high pressure rise at the end of the gas exchange, at full load up to 10 bar ( Appendix 2). This is not the case with normal engines. 

This very unique combination of thermodynamic and gas dynamic, first time in the history of the combustion engines, makes it 

possible to start the work cycle, as already Diesel wanted: isotherm and isentropic compressions, according to Carnot (see in TS). The 

exact use of the combination of thermodynamic and gas dynamic compensates the gas exchange losses during the intake and even 

makes the gas exchange positive at part loads and at high amount of internal EGR. CFD simulations confirm this unique feature in the 

gas exchange of the Z-Engine, Appendix 2. 
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VALIDATION OF THE SIMULATION METHOD OF THE Z-ENGINE 

In the first step of this research Z-engine was simulated with Diesel-RK and GT-Power parallel by using diesel combustion and the 

results were compared. When doing this way, it was possible to be sure about the correctness of Diesel-RK simulation results in these 

very special motor simulations. In this work a refined version of previously developed multi-zone diesel spray combustion model [2-

6], further referred as the RK-model, is used to reflect specific features of conventional and PCCI diesel combustion. Such the model 

in general satisfies requirements for both the acceptable accuracy and high computational speed and can be used for an engine 

optimization process over its whole operating range, involving a big number of cycle simulation sessions (up to several thousands).  

THE Z-ENGINE CONCEPT  

Z-engine concept was described early in the [1]. The main processes of operating cycle are presented in the fig. 1. Combustion and 

expansion strokes have same duration as in conventional 4 stroke diesel engine. Time period for exhaust is enough for proper purge of 

the cylinder and small pumping losses. The intake duration is very short, one does not exceed 22 deg. of CA at full load, because 

intake air was compressed in piston compressor. Final compression takes 40 deg. of CA. Fuel injection during phase 3, to the hot 

internal EGR. Ignition injection, about 2- 5% of the total fuel, close to TDC with second injector. 

 

Figure 1 – The processes in working cylinder. 

Z-engine allows providing a same power in two working cylinders as conventional 4 stroke diesel engine in 4 cylinders, fig. 2. So, 

downsizing and low manufacturing cost are achieved.  In appendix 1, there is a construction picture of the Z-engine. 

 

Figure 2 – The scheme of Z-engine boost. 

As known, in a 4-cylinder, 4-stroke engines (left), there are pro crankshaft rotation two work cycles and two compressor cycles, as 

two cylinders are taking air in and compressing it pro crankshaft rotation. In the Z-engine (right), those two compressor cylinders are 

removed and replaced with one external, well cooled compressor cylinder with intercooler with adjustable bypass valve. With this 

arrangement and with the assistance of the gas dynamics, the thermodynamic effect is the same, as there would be an intercooler in 

each four cylinders of the 4-stroke engine during the start of the compression stroke. It is easy to understand, that this arrangement 

gives totally new thermo dynamical possibilities to control the engine cycle, for example TDC temperature.  
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If there is  in the 4-stroke engine (left) is for example 50% external  EGR  and  for example 1 g gas goes in and out through the 

turbocharger, so 2 g gas flows through the exhaust valves  and the intake valves. The situation is the same with low pressure EGR.  

This means bigger flow losses than in the Z-engine (right), having internal EGR. Also the flow losses in the EGR cooler of the 4-

stroke engine are in this case bigger than in the second air intercooler of the Z-engine, because of the temperature (volume) difference. 

To optimize the Z-engine parameters the computational research was carried out using thermodynamic tools: DIESEL-RK and GT-

Power, as well CFD tool NSF-3 developed in Bauman Moscow State Technical University [18]. The Z-engine data obtained at 

previous research and corresponding with maximum torque point are presented in tabl.1  

Table 1 – The Z-engine data pro cylinder corresponding with maximum torque point.  

Stroke 70 mm  

Bore 72 mm  

Connecting Rod 115 mm  

Compression ratio 15.5:1 

Number of Valves 4 

Exhaust Valve Diameter and lift 26 mm and 5 mm 

Exhaust Valve Open 68° BBDC  

Exhaust Valve Close 112° ABDC  

Inlet Valve Open 112° ABDC  

Inlet Valve Close 128° ABDC 

Inlet Valve Diameter and lift 26 mm and 5 mm 

 

 

Figure 3 – The p-v diagram (d) and temperature curve (c) of the Z-engine in comparison with p-v diagram (a) and temperature 

curve (b) of conventional four stroke diesel.  

Analysis of the p-v diagrams shows the indicated work of the Z-engine is much higher due to a part of compression work is done 

outside of working cylinder (in piston compressor), as well due to colder fresh charge the compression curve at the final compression 

is below than one takes place in four stroke engine. Z-engine has very specific behavior of the in-cylinder temperature shown here in 

fig. 3. On the one hand, so small temperature results in low combustion temperature which is useful for NOx decrease, on the another 

hand so small temperature helps to prevent a self ignition if fuel will be injected earlier to organize HCCI. More over, as it will be 

shown below, the compression temperature (at TDC) decreases if load increase!   

THERMODYNAMIC OPTIMIZATION OF Z-ENGINE  

Optimization of the Z-engine parameters has been done with thermodynamic software DIESEL-RK and GT-Power. The obtained 

engine parameters are shown in the tabl. 2. DIESEL-RK was used for optimization of the Z-engine valve timing, compression ratio, 

injector design, injection strategy and pressure rations of both compressors. GT-Power was used for piston compressor optimization: 

valve timing, compression ratio and cylinder diameter. Results of both simulations are compared below. 
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Table 2 – The Z-engine output corresponding with maximum torque point. 

BMEP and RPM 26.2 and 1500 RPM 

Turbocharger PR and Efficiency 4.3 and 0.7  

Supercharger PR and Efficiency 4.25 and 0.85 

Maximum cylinder pressure 202 bar  

Injector 8 x 0.131 x 1080 

Injection profile 15 (5) 85 (double)  

Injection timing 0  

Injection pressure 1400 bar  

 

Gas exchange parameters behavior is presented in fig. 4. Injection profile, piston bowl shape, sprays behavior with their contours at 

the end of each portion injection as well predicted heat release rate are presented in fig. 5. The double injection strategy was obtained 

as  result of optimization of engine fuel efficiency at limitation of maximum cylinder pressure by value 200 bar.  

 

Figure 4 – Gas exchange parameters of the Z-engine at maximum torque point. 

 

 

Figure 5 – Injection, mixture formation and HRR of the Z-engine at maximum torque point. 
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This obtained heat release curve was accepted as quite realistic because the combustion model of DIESEL-RK was calibrated before 

for few diesel engines having multiple injection and high EGR level [6]. To test a correctness of DIESEL-RK simulation the same 

project was created in GT-Power [20] and simulation was carried out. In the table 3 there are presented parameters of a piston 

compressor which was derived after GT-Power analysis. The valves of the compressor are controlled with camshaft. 

 

Table 3 – The Z-engine piston compressor data. 

Stroke 70 mm  

Bore 96.5 mm  

Connecting Rod 115 mm  

Compression ration 15.5:1 

Number of Valves 4 

Exhaust Valve Diameter and lift 

klliftlift 

34.5 mm and 8,6 

Exhaust Valves  Open 66° B TDC of piston 

comp. Exhaust Valves  Close 2° ATDC of piston 

Inlet Valve Diameter and lift 34.5 mm and 8,6 

Inlet Valves  Open 26° A TDC of piston 

comp. Inlet Valves  Close 7° A BDC of piston 

comp. Pressure Ratio 4.3 

Compressors Isentropic Efficiency 0.80 

Mass Air Flow (Max Torque) 0.05067 kg/s 

Power (Max. Torque) -10.184 kW 

   

 

The air delivery rate of the compressor can be fully adjustable without throttling losses by using early intake valve closing method.  

This makes it possible to have constant lambda  at all loads and to have always high enough exhaust gas temperature for oxicat, about 

700K. 
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Figure 6 – The map of the Z-engine project in GT-Power. 

                                                                                  

 

              Figure 7 – P-V diagram of the piston compressor, optimized with GT-Power  

 

.  
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                                     Figure 8 – Pressure diagrams obtained with GT-Power and DIESEL-RK. 

The results being obtained with different tools are very close to each other, it confirms the validity of the Z-engine concept. 

 

HCCI-COMBUSTION IN THE Z ENGINE 

In order to lower NOx and to increase efficiency, a special type of HCCI-combustion  (single fuel RCCI)  was developed, taking in 

account the special features of Z-engine, as described in followed text. The simulation was made with Diesel- RK, including 4-

dimensional ignition delay map, calculated with Chemkin. The HCCI- combustion increases normally the efficiency of the engine 

between 10- 15%, as also the RCCI-combustion does. The friction model was taken from (95). 

The gas exchange of the Z-engine has following features: gas exchange is controlled with poppet valves, exhaust valve opens about 60 

° BBDC, exhaust valve closes about 120° ABDC, intake valves open about 60° BTDC, intake valve closed about 45° BTDC, intake 

pressure: 5-18 bar, the velocity of the intake gas: 300-500m/s, hot internal EGR (15-45%) acts as an internal heat exchanger, hot 

active radicals in the intern EGR, no problems with contamination or corrosion as intern EGR, no losses of the intake gas to the 

exhaust channel as no overlapping of the intake and exhaust valves, high intake velocity lowers temperature about 20-30K, 

condensated water aerosol lowers temperature about 10-20K; this means at TDC about 60-80K lower temperature, pulse turbo 

charger:  mixed flow turbine((80),series sequential (105) because of fuel efficiency,  intercooler after the turbo charger, intercooler 

after the piston compressor with a bypass valve, variable timing of the intake and the exhaust in synchronous, electric heater in the 

intake channel for the cold start. See more: (1, simulations) 

 

The piston compressor is a gas exchange component, like turbo or Roots compressor (in VW TSI). It is a low pressure, low 

temperature, low rotation speed, low cost component. Its temperature level is 2-3 times lower, than in turbo, its rotation speed is 50-70 

times lower, than in turbo and 3-5 times lower, than in Roots compressor. Its pressure level is 5-10 times lower than in work cylinder. 

Its temperature level is 2-3 times lower than in work cylinder.   It has no difficult machining, like turbo, or Roots. It has no special 

bearings, like turbo, or Roots. It has no special materials, or tolerances, or heat treatments, like turbo, or Roots. Its components can be 

manufactured with mass production, low cost methods, like aluminum injection to metal molds. It takes its drive from existing 

components: existing tooth belt and lower end of the other conrod. It uses existing main bearings and crankcase of the engine. There 

are thousands of component suppliers to compressors. Its price is about 100 euro (96). It has a very good efficiency. Well cooled 

compressor with poppet valves can have an isentropic efficiency of about 90%. 

 

The fuel injection, diesel fuel, of the Z-engine( Appendix 3) has following features: fuel injection to the hot exhaust gases in the 

cylinder during about 70-60° BTDC, when exhaust valves close, injection pressure: 500-1200 bar; low parasite losses: higher 

efficiency, injection duration 3-10°, fixed start point of the injection, high injection rate pintle type nozzle producing  hollow cone 

spray and homogenous mixture as NOx in the  made experiments with early injection was almost zero  (52-68),super cavitation helps 

in mixture preparation (1,86,133),  small spray penetration, small droplets, partial fuel reforming as injection to the hot exhaust gases, 

rapid fuel evaporation as high temperature and low pressure during the injection in the cylinder (special transient area), fuel 
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evaporation energy from internal EGR: higher heat value of the fuel: higher efficiency, exhaust gas temperature during the start of the 

injection: 700-800 K, cylinder pressure during the injection: 1,5-3 bar, no swirl during the injection, no wall wetting, temperature drop 

of the exhaust gas in the cylinder during the injection: 200-400 K: more air into the cylinder, temperature drop during fuel evaporation 

means about 30-50K lower temperature at TDC, high turbulence after the injection when intake valves open, long mixing time before 

the ignition: 60-80°: homogenous mixture. As pressure during the injection is low, super cavitation helps in mixture formation (52, 86, 

93, 87: Reitz: Low pressure injection is superior to conventional high-pressure injection for HCCI charge preparation). See more: 

(1,104). Super cavitation in the nozzle assist to have smaller droplets (1). 

The compression of the Z-engine has following features: the mechanical compression ration of the engine: 14-20:1, final compression 

ratio in the work cylinder: IVC-TDC = 2,5-5, smaller compression work per mass unit ( = integral: pdV )  as the gas in cylinder during 

the final compression  is cooler and thus its volume is smaller, adjustable with the valve timing, pre compression with intercoolers 

almost isothermal  like Carnot, secondary compression in the work cylinder  isentropic  like Carnot, short compression time in the 

work cylinder; low amount of heat transfer, low compression temperature as high inter cooling rate, in intercooler condensed water 

aerosol cools the charge in cylinder, low compression temperature at TDC as fuel evaporation cools the gas in the cylinder before the 

compression: lower compression work: higher efficiency, compression temperature at TDC: part load = 800 K, compression 

temperature at TDC: full load = 700 K, the compression temperature lowers when the load increases, lower compression pressure as 

lower gas temperature, compression temperature can be controlled with the intercooler, compression temperature can be controlled 

with the amount of internal EGR, compression pressure can be controlled with the pressure ratio of the piston compressor, 

compression pressure can be controlled with the intake timing, first pre compression in the turbo charger: pressure ratio=1,3-4, second 

pre compression in the piston compressor: pressure ratio=2,5-5, piston compressor well cooled: smaller compression work, high 

efficiency in the piston compressor as poppet valves, as lower temperature during compression: lower viscosity of gases: better 

mixing, isotherm and isentropic compressions, like Carnot: best efficiency. 

The ignition in the Z-engine has following features : second injection (94, 109)  with second injector close to TDC, ignition can be 

controlled with the temperature at TDC, ignition can be controlled with the pressure at TDC, ignition can be controlled with valve 

timing and adjustable throttle in turbocharger bypass channel (appendix 4), ignition can be controlled with hot active radicals in IEGR 

(32-47), active radicals from previous cycle survive to TDC as two stroke engine,  ignition can be controlled with lambda, ignition can 

be controlled with injection timing(s), ignition can be controlled with injection amount(s) (IEGR, very rapid response), ignition can be 

trigged with spark plug (23-24,42-56), ignition can be assisted with glow plug(48), exact ignition timing possible, Chemkin used in 

calculations, 2-5%  combustion of the fuel energy enough to trigger HCCI-ignition 

The pre chamber for ignition, if used, can be un scavenged and no separate fuel injection to the pre chamber is needed, as usually. This 

is possible, because of the fact, that after the fuel injection, before intake valves open, at about 60 deg. BTDC, lambda in cylinder is 

about 0,2-0,3, depending on the load. After intake, when spark is activated in the pre chamber, at about 35 deg. BTDC , lambda in the 

pre chamber is about  1-1,4 and pressure about 15-40 bar, depending on the load. The pulsed flame jet, coming out of the pre chamber, 

ignites the mixture at wanted crank angle  (SAHCCI), first flame front, then cool flame, then hot main ignition (30, 31, 40). 

The combustion of the Z-engine has following features: HCCI-combustion at all loads as all the fuel is evaporated and mixed with the 

gas in the cylinder before the ignition, lambda: 1,5-1,7, EGR=15-45%, high BMEP, as low T at TDC, rapid combustion: high 

efficiency and smaller heath losses, combustion duration 10-15°, low NOx and particulates as a HCCI combustion (88, 89),  

particulates and CO and HC oxidize (33), low start temperature of the combustion, high lambda and EGR limit Tmax, maximum 

temperature 1900 K: higher T max than by normal HCCI: particulates and CO and HC oxidize, low heat losses as low  radiation losses 

as HCCI,  at part load no problems as hot EGR and active radicals (32-48) and forced ignition, no knock as the ignition occurs at the 

right side of the negative temperature coefficient area in the ignition delay map  (29-31) Fig.12, air diluted: better efficiency (24).  

The expansion of the Z-engine has following features: expansion during the combustion, high temperature during the expansion even 

at part load and right after the start: particulates and CO and HC oxidize, high temperature (more than 1500 K) long time enough in 

order to oxidize particulates, CO and HC, the active radicals improve CO and HC oxidation (29-31), inbuilt Atkinson cycle, inbuilt 

variable compression ratio, small heat losses as expansion at every cycle (2-stroke) and low turbulence during combustion. 

The exhaust of the Z-engine has following features: exhaust from about 60° BBDC to about 120° ABDC, pulse turbo charger(s), 

mixed flow, series sequential(105),  pulses: 2 x 180° = 360°,no waste  gate is needed as all the exhaust energy can be used, much  

higher available  exhaust gas energy at turbine entry than at constant pressure charger (as pulse turbo charging) (76) therefore higher 

compressor pressure, low backpressure in the pulse turbo charger(s)  (76,82), exhaust gases hot enough for oxicat .The valve timing 

affects the portion of the compression done in the work cylinder and to the amount of internal EGR. The turbo charger(s) in the Z-

engine can use all the available exhaust gas energy at all load conditions and thus no waste gate is needed. This improves the 

efficiency of the engine. Turbo pressure at part load 1,5 bar, at full load 4 bar.  The Z engine can utilize the Otto cycle. The knock 

phenomenon at high geometrical compression ratios and pressures can be avoided, because the compression temperature can be 
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controlled separately (23-24, 30-31). A higher overall efficiency could be gained because of the high compression ratio and better 

controllability especially at part loads. The Z-engine utilizes Atkinson cycle and it has an inbuilt variable compression pressure control 

by valve timing, turbo charger(s) and piston compressor timing. .Low pressure EGR is used to bring water steam to intake air.  

THE INTAKE FLOW 

 

The theoretical flow behavior in the intake valves can be seen in Fig. 11., intake flow simulations: (1) The intake valves have a special 

shape to form Laval nozzles (1,53). The pressure difference, intake channel /cylinder is received from a simulation of the engine. The 

required ratio between the exit area of the valves and the throat area (calculated as Laval nozzle) has been calculated. The calculated 

exit area/throat area ratio has been taken from the valve lift data and the valve dimensions (72).In the calculations the internal exhaust 

gas re circulation (IEGR) rate in the cylinder was 20% and the exhaust gas was not assumed to rotate at the beginning of the intake. 

The flow coefficient of the intake valves is high, about 0,9, because the flow is a nozzle flow. The temperature of the intake air lowers 

about 20-30 K because of the very high intake velocity and expansion of the gas. The valve flow in Laval nozzle like intake valves (1)  

and turbulence level has been simulated with Star-CD and NSF-CFD software. See more: (1, simulations).  See also: (1, simulations, 

pressure drop over the intake valve during the transient intake flow, step by step), 20-50% pressure rise compared to the intake 

channel pressure, when intake valves close:ram-effect see (1, simulations) 

 

 The turbulence energy in the cylinder was calculated with NSF-software, Fig 9, 10. It can be seen the very high turbulence level after 

the intake valves close. This makes it possible to mix well and quickly the incoming air with the evaporated fuel steam in the cylinder. 

The partial pressure of the fuel steam is higher than the surrounding pressure. The high turbulence level stays only 15-20° and at TDC 

the turbulence level is equal to a normal direct injection diesel engine. Thus no additional heat losses are present at the combustion 

and a tested, normal HCCI engine heat loss simulation method can be used (92). 

 

In appendix 2, there is presented a part of CFD unsteady flow simulation results at 3600 rpm. This simulation shows that there is no 

problem to achieve 30 bar BMEP with lambda 1,7 and 15%  IEGR. The increase of the energy, when the cool intake air mixes with 

the hot exhaust gases during the intake, increases the efficiency of the engine. 

 

 

 

 
 

                                                    Figure 9- turbulence energy in the cylinder, Z engine versus DI diesel engine 
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Fig. 10 – Gas speed  at TDC, Z engine versus DI diesel engine. 

 

 

 

Figure 11 – The theoretical valve flow 
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HCCI ignition in Z-engine   (Safe operating area, SOARE, marked) 

 

Figure 12 – The ignition delay curve (ms) of HCCI mixture, lambda=1, EGR=0% 

In order to understand this phenomenon and how to define the exact ignition in the Z-engine, it is useful to study the ignition delay 

map of n-heptane, where the variables are temperature and pressure. We can follow the path of the mixture, when the piston moves 

from (for example) -40 deg to TDC. If the rotation speed is about 1700 rpm, so 10 deg =1 ms. The pressure- and corresponding 

temperature values can be taken from Fig. 13, starting from 320°. The needed energy to rise the temperature of the mixture for 

example 50K to ensure the exact ignition point, is 2% of the energy of the mixture (88, 89). According to the map, Fig. 12, this change 

shortens the ignition delay from 3 ms to 0,9 ms. This very high sensitivity of the ignition point to the temperature and lambda makes it 

possible to define the main ignition very exactly  by igniting first about 2-5% of the ignition injection fuel. This ignition activates the 

cool flame and thus it is possible to use the cool flame as an amplifier in order to trigger the main ignition at about 0-20° ATDC, 

depending on the load. Livengood-Wu integral, calculated with Chemkin , integrated in Diesel-RK, makes the definition of the exact 

ignition point possible. The ignition delay of the ignition injection with additional side injector is calculated with Modified Tolstov 

Equation  (5), (6), (137) The down wards moving piston limits the pressure rise and makes this unique combustion system possible. 

The “safety operation area” (SOARE) of Z-engine at TDC is between 700-850 K and 1-10 ms ignition delay in the ignition delay map, 

Figure 12. Diesel-RK calculates the ignition delay by using the 4-dimensional ignition delay map, calculated with Chemkin and being 

integrated in Diesel.-RK. As the Z-HCCI combustion is very rapid, the weight point of the combustion is not far from TDC and thus 

the efficiency of the engine stays high. This also lowers the heat losses close to TDC during the Z-HCCI-combustion. The amount of 

the intern EGR is easy to adjust, for example by throttling in the extra the exhaust channel passing the turbo charger. 

The Z-ignition occurs always at the right side of the negative temperature coefficient (NTC) area and the negative temperature effect 

decouples ignition front and acoustic wave coupling and no ignition to detonation transition (knock) occurs in the Z-HCCI combustion 

(29-31). The uniformity of the mixture affects to the ignition and combustion, as can see, when comparing with experimental data.The 

combustion duration and the amount of the cool flame, depending on temperature, pressure, EGR, lambda and rotation speed (72,79) 

has taking in account in the simulations The combustion can be described by using three Wiebe functions, one for the cool flame, one 

for the main combustion and one for the “tail” .When comparing with the experimental data (79, 97, 106)  and calibrating the model in 

the calculated load points, a good accuracy can be reached. In order to limit maximal temperature to 1900K, lambda was in the 

simulations 1,5-1,7, depending on the amount of EGR and load. The dilution with air mostly increases the efficiency. As Z-engine is a 

two stroke HCCI diesel engine with forced ignition, active radicals “survive” easily, as from IVO to TDC is only about 60°, when in 
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port scavenged two stroke engines this is about 220°. This makes the forced ignition possible without problems, as the active radicals 

lower  activation energy, needed in the ignition, to one tenth .This is not the case in four stroke HCCI engines (32-37). 

HC and CO emissions are low because of the active radicals and high enough combustion temperature. (33, 36,130) Cold startability 

is assisted with intake air heater, glow plug , valve timing, control of lambda and ignition injection. 

The delivery rate of the piston compressor is controlled with adjustable early intake valve closing method. 

The transient behavior is good because of high lambda at normal conditions and possibility to rapid change of the air volume delivery     

of the piston compressor. Pressure of the air is no problem with the piston compressor. Mild hybridization assist also in this matter. 

The amount of internal EGR and thus TDC temperature can be controlled and lowered with turbochargers turbine bypass system, 

Appendix 4. The ignition injection shall evaporate before it ignates the mixture, so NOx can be avoided from ignition injection. 

 

Figure 13 – Simulation results with Diesel RK (74), part load BMEP = 6 bar 
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 PART LOAD RESULTS 

The part load point with HCCI combustion was simulated with Diesel-RK having the integrated 4-dimensional ignition delay map 

calculated with Chemkin. The part load efficiency is much better than by PCI and RCCI. 

Table 4 - Engine data of 2-cylinder Z-engine at part load 

                                                              (max.BMEP = 30 bar, max. rpm = 3600)          

Bore 80 mm 

Stroke  80 mm 

Compression ration 14:1 

Rotation speed 1500 rpm 

Output power  12,1 kW 

BMEP  6 bar 

Piston compressor power 1,95 kW 

Intake pressure  4,6 bar 

Friction pressure  0,45 bar 

Ringing intensity 0,45 MW/sqrm 

Lambda 2,3 

Air mass flow  0,0167 kg/s 

IEGR  32 % 

Start of injection  73 deg BTDC 

Injection duration 5,6 deg 

Injection pressure 954 bar 

Fuel mass / cylinder  12,7 mg 

     

                                                                      BSFC=192 g/kWh, NOx = 0,02 g/kWh   

Conclusion: Having the cylinder bore 80 mm and stroke 80 mm, the Z-engine has 44,8% part load efficiency and 49,4% best point 

efficiency. As the combustion is homogenous at all loads, NOx and particulate emissions are almost zero and no NOx or particulate 

filters are needed. This reduces the costs of the engine. An additional cost reduction comes from the low pressure injection system and 

reduced number of cylinders, smaller weight and size (69, 78).  
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Construction picture of the Z-engine 
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Figure 14-The intake flow 
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APPENDIX 3 

 

CFD ANALYSIS OF A JET DEVELOPMENT IN A PINTLE NOZZLE 

The only high-speed model of the mixture formation and combustion may be used for optimisation, because it requires  perform 

hundreds of the calculations in order to deter the best result. However, existed and well verified models of the mixture formation and 

combustion were created to use for traditional diesel engines which used the multi-hole injectors working under high pressure 

conditions. In current case if the fuel injection happens into low density environment (the in-cylinder density is 1.4-1.6 kg/m3) the 

pintle-type injectors have advantages in comparison with multi-hole injectors because they have smaller sprays penetration and there 

are more possibilities to prevent hitting of fuel onto wall of the cylinder.  Moreover, it is recommended to use the pintle-type injector 

with the fuel pressure over 1000 bar because under such conditions the turbulence is generated in the channel of the atomiser. In  

result, there is intensification of the processes of the spray disintegration and atomization (which is extremely important to provide 

homogeneous fuel-air mixture) [113, 87, 93]. However, there are not many publications with experimental data on the subject of the 

fuel sprays evolution and atomization. In order to build a phenomenological model of the sprays evolution, which could be used for 

the calculation and optimisation of the combustion, such data are required. Therefore, it was decided to use CFD model for calibration 

of the existed phenomenological model of the spray evolution, which will be subsequently used for the thermodynamic analysis of the 

working process of Z-engine with DIESEL-RK [120].     

The equation to calculate the evolution of a diesel fuel spray and the fuel atomization being used in the combustion model, include the 

dimensionless complexes which include the design parameters of the nozzles, properties of the fuel and in-cylinder gas parameters 

[114]. These equations were obtained using the similarity theory, which can be applied for the pintle-type injector after calibration. 

Moreover the verified CFD model can be used subsequently for the optimisation of the fuel flow duct in order to intensify the 

atomization and reduce spray penetration.  

In this study the CFD analysis was performed using ANSYS FLUENT 14. The domain of interest was divided into two subdomains, 

such as the fuel flow duct of the pintle-type injector with movable pin and variable pressure at the entrance and the volume of the 

cylinder with movable piston, see Figure 14. Each calculation subdomain has independent (from each other) mesh and the calculations 

are carried out independently.  

The initial and boundary conditions are taken from the results of the thermodynamic modelling being done with the software DIESEL-

RK and hydrodynamic modelling of fuel flow with the software INJECT [115]. The boundary conditions for the subdomain 2 at the 

tip of the nozzle are imported from the results of the calculations in the subdomain 1. 

 

            Figure 15- Scheme of CFD research of phenomena in Z-engine 

The numerical simulations were conducted using axisymmetric approach. To justify such choice a 3D analysis of development of a 

conical shaped spray was performed in the cylinder volume at the time period where the pin elevates. The results show that spray tip 
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penetration was at 10% longer and consuming computational time is in 10 times larger in comparison with axisymmetric formulation; 

therefore the further investigations were carried out using the axisymmetric approach.  

 

Figure 16-  Spray tip penetration calculated with 3D and axisymmetric mesh 

Modelling of the internal flow of the pintle-type injector 

ANSYS FLUENT 14 has a number of models which can be applied for the simulation of the different phenomenon, such as multi-

phase, turbulence, cavitation, evaporation and vapour condensation. For the each models it is required to input specific settings. 

Adequate choice of the model and correspondent settings is known to be difficult. To make a right choice in this study a number of 

test tasks having known solutions was considered. There was selected that tasks which have fuel pressure, environment parameters 

and main dimensions being similar to character ones of the Z-engine.  

An analysis of the applicability of various models was performed for flow of the diesel fuel through the duct of the pintle-type injector 

with the pressure drop of 1000 bar based on the results of own simulation and published materials.  

Table 8 in APPENDIX 3 shows a list of phenomena taken place in the flow list of models being used for their simulation and 

published sources for their testing. The preferred models are marked with ++ symbols as most acceptable, both in terms of reliability 

of the result obtained and from point of view of calculation stability. As the result, following models were chosen in order to take into 

consideration the following factors, such as:  

• Multi-phase character of the medium (with 3 phase: fluid, vapour and air) – Volume of fluid (VOF) model,  

• Cavitation – Schnerr-Sauer cavitation model,  

• Turbulent character of flow - Realizable k-ε Model with Non-Equilibrium Wall Functions, 

• Dynamic mesh was used to specify movements of the pin of the injector. 

As a result of subdomain 1 flow simulation the following characteristics at the outlet of the sprayer were defined:  

• the parameters of turbulence,  

• thickness of the flow at the outlet of the sprayer,  

• volumes occupied with vapour produced during cavitation and volumes of air penetrating from the cylinder into the gap 

between the pin and the housing of the injector.  

The data obtained were used as boundary conditions for the subdomain two, see Figure 15. The parameters of the model are presented 

in Table 5.  

Table 5. Characteristics of computational model of internal injector flow simulation (subdomain 1) 

Definition Axisymmetric 

Total number of cells  250 000  

Average cell size 4 mcm 

Computer cluster 528 Cores x 2.8 GHz / 1Tb RAM 

Computing time 24 hours  (7.5 CA deg.) 

32 cores was used really 
 

Spray evolution simulation   

Prior to subdomain 2 flow calculation an evaluation of applicability of the different models of the spray evolution was performed in 

similar manner as with the subdomain 1 described above. 

List of the considered phenomena, models, description of the models, tests descriptions are presented in Table 8 . 
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The models marked by ++ symbols were implemented for the final analysis as the most acceptable. As a result, for the description of 

the processes of the atomization of the fuel the following models were used: 

• Species transport model, in order to describe the interaction of the component in continuous medium, such as vapour and air, 

mixing, convection, diffusion. 

• Discrete phase model, used to describe interaction of the discrete medium (droplets of fuel) with the continuous medium (fuel 

vapour-air mixture). 

• Stochastic secondary droplet model (SSD), implemented to for fuel droplets disintegration. 

• Convection-diffusion controlled model, used for evaporation of the fuel droplets. 

• Realizable k- ε Model, applied to describe of turbulent nature of flow. 

• Non-Equilibrium Wall Functions to describe the flow behavior in proximity of the wall. 

• Dynamic mesh option was used to take into consideration the movement of the piston.  

Scheme for the modelling the jet disintegration is presented in Figure 17. The parameters defined at the subdomain 1 consideration 

such as the flow parameters in the injector, parameters of turbulence, the thickness of flow at the exit of sprayer, vapour phase regions 

formed during cavitation, air regions formed from the air entrained from the cylinder, were used as boundary conditions to input at the 

subdomain 2 consideration, see Figure 17. 

The dimensions of the droplets obtained at the initial breakup of the jet were set equal to the dimension of the sprayer according to the 

approach presented in [56, 64]: 

,
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where: m  is fuel mass flow rate [kg/s],  is density of fuel [kg/m3], dpin is a diameter of injector pin [m], uinj is fuel flow velocity 

[m/s]. 

 

 

Figure 17- Scheme of spray break up simulation 

As a result of subdomain 2 consideration the velocity distributions, the vapour concentration distribution, distribution of the diameters 

of the droplets were determent.  

The characteristics of the CFD model are presented in Table 6.  

Table 6. Characteristics of computational model of in-cylinder sprays evolution simulation (subdomain 2) 

Definition Axisymmetric 

Total number of cells  20 000  

Average cell size 0.3 mm 
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Computer cluster Core I7 x 3.5 GHz / 2.7 Mb RAM 

Computing time 14 hours  (7.5 CA deg.)  

 4 cores was used  

 

The results of the CFD analysis obtained after calibration of the numerical model revealed, that combining two conditions such as 

keeping acceptable droplets diameter of 10 micron and avoiding the contact of the fuel droplets with cylinder wall under condition of 

injection at full load (cycle mass is 70 mg and low density medium, air ~ 1.4-1.6 kg/m3) is impossible. Therefore, the analysis of the 

factors affecting the atomization was performed together with investigations aimed to decrease the spray tip penetration.    

 

INVESTIGATIONS INTO DECREASING THE SPRAY TIP PENETRATION OF A 

PINTLE-TYPE INJECTOR  

A number of analyses were made in order to define the effect of various factors on the evolution of the spray, such as the maximum 

stroke of the pin of the injector hpin.max, the maximum injection pressure pinj, the time of injection τinj, coefficient of constriction of jet 

Ca = Aactual /Atheor,  where  Aactual and Atheor are actual cross sectional area of the jet and cross sectional area allowable for the flow due to 

design of the pin and the sprayer housing. 

The coefficient of constriction of jet Ca is a function of a number of parameters affecting on the fluid flow in the sprayer. 

The list of these parameters includes geometry which affect on cavitation zone formation.  Due to complexity of the complete analysis 

in two subdomains it was suggested to set such combination of the geometry of the pin and sprayer housing which will provide the 

change of Ca in the range of 0.5-0.8 with injection pressure of 800 bar. Then the inner flow in the sprayer (subdomain 1) was 

calculated only once for each injection pressure; and when the various combination of the factors was studied in subdomail 2 only 

using modified boundary conditions as impute data.  

During search for the optimal combination of the injector design parameters and fuel injection control parameters the best solution 

was considered if maximum fuel quantity may be injected  without the cylinder wall wetting and if SMD does not exceed 10 mcm. 

Figure 18 presents the results of simulation of the spray tip penetration at the various combination of the affecting factors. The Figure 

19 illustrates effect of same factors on the Sauter Mean Diameter of droplets. Figure 20 shows the evaporated fuel mass versus time. 

Table 7 presents the investigated combinations of the affecting factors. 

According to the results corresponding to Case 1 it is clear that in order to reduce the spray tip penetration it is necessary to limit mass 

of the injected fuel, and the thickness of the fuel flow (hpin.max) exited from the sprayer. The paper [117] demonstrates the influence of 

the maximum pin stroke on the spray tip penetration. Based on these conclusions further calculations were carried out for a sprayer 

with the maximum pin stroke hpin.max of 40 micrometres.  

 

  

Figure 18- Spray tip penetration at different sprayer and fuel injection control parameters 
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Figure 19- Sauter Mean Diameter of droplets at different sprayer and fuel injection control parameters 

Table 7. Investigated sprayer and fuel injection control parameters 

Case 

№ 

hpin.max, 

mcm  

pinj.max, 

bar 

Ca τinj, 
ms 

Fuel mass, 

mg 

1 200 1000 0.45 0.475 70 

2 40 350 0.8 0.22 11 

3 40 800 0.8 0.22 16.6 

4 40 800 0.5 0.22 11 

5 40 800 0.5 0.32 19.6 

 

 

  Figure 20- Evaporated fuel mass vs time at different sprayer and fuel injection control parameters 

Case 2 corresponds to fuel supply at low injection pressure and low injection rate; therefore, reducing the intensity of the jet 

disintegration provokes formation of the droplets with large SMD (a curve 2, see Figure 19) and, consequently, leads to the reduction 

of the speed of evaporation (a curve 2, see Figure 20). Thus, after ending the injection the large amount of the droplets reach the wall 

of the cylinder even with insignificant fuel mass (a curve 2, see Figure 18).  

Case 3 corresponds to fuel supply with increased injection pressure assuming that due to special features of geometry, the pressure 

increase did not cause the additional constriction in the cross section of the jet. In such case the injection occurs with increased 

velocity and increased flow rate. Simultaneously due to increase of the injection rate the intensification of the jet breakup (a curve 3, 

see Figure 19), diminishing of the droplets size and increase of the evaporation (a curve 3, see Figure 20) take place. On the other 

hand the significant increase of the injected fuel mass rises considerably the total impulse and the spray reaches rapidly the wall of the 

cylinder (a curve 3, see Figure 18). In fact, pressure increase usually leads to the larger intensity of cavitation and consequently, to the 

greater contraction of the jet [93]. For example, the obtained in this study Ca = 0.45, see Figure 21. 

Case 4 corresponds to fuel supply at increased injection pressure with an assumption that the injection pressure increase causes the 

additional narrowing of the jet due to intensified cavitation Ca = 0.5. The fuel is injected with considerable higher speeds in 

comparison with Case 2, but with approximately same mass. Therefore, in the case 4 it was observed the better atomatization (a curve 



26 

 

4, see Figure 19), higher rate of evaporation than in Case 2; moreover, there is the guaranty that the spray does not reach the wall of 

the cylinder (a curve 4, see Figure 18). This last result allows increasing the injection duration up to 0.32 ms ensuring the fuel contact 

avoidance at the walls of the cylinder, (Case 5, see Figure 18).  A paper [113] presents possibilities to decrease Ca down to 0.3 (Figure 

21) which opens additional possibilities to improve fuel injection.  

  

 

  Figure 21- Flow regimes in pintle type injector as function of ambient pressure at injection pressure 1000 bar. [113]   

To ensure prevention of the cylinder wall wetting under the very low density condition in the cylinder it is necessary to implement the 

multi stage injection. At maximum torque regime the amount of the fuel per cycle of 74 mg should be supplied in four portions which 

correspond to the conditions of the Case 5, see Figures 18-20. Figure 22 depicts two out of four stages of the injection. The picture 

shows the distribution of the diameters and distribution of the fuel vapours mass quantity in the fuel-air mixture at various moments 

after the injection starts. It worth pointing out, that after the completion of the injection the air flow with high intensity enters into the 

cylinder facilitating the uniform mixing of the fuel-air mixture; but this air flow was not taken into consideration in this study.  

 

Figure 22- Droplets size and fuel vapor fraction in the cylinder of z-engine at multiple injection    

The further research will be focused on the optimisation of the internal design of pintle-type injector and development of the strategy 

of the injection. On the one hand the sprayer should be small and should have small pin stroke with maximum speed of operation. On 

the other hand it is necessary to strive to lessen the number of portions at the injection of large fuel portion and exclude the possibility 

of the spray and wall impingement. The combination of the high injection pressure and geometry of the flow part of the sprayer must 
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enable to the maximum intensity of turbulence, maximum narrowing of the cross section of the jet, minimum thickness of the flow at 

the sprayer orifice area. The injection should be provided at the super cavitation regime or close to it, see Figure 21. 

 

   

Table 8,   Phenomena and models for injector internal flow simulation and for in-cylinder spray evolution simulation 

 

Phenomena Model type Model name in Ansys Fluent 14  Employed 

in part 

Validation and selection 

case 

Multiphase, air 

entrainment 

Multiphase 

model 

Mixture (2phases) 

Mixture (3phases) 

Volume of fluid (VOF)(2phases) 

Volume of fluid (VOF) (3phases) 

Eulerian Model 

Wet Steam Mode 

+ 

+ 

+ 

++ 

- 

- 

I 

Winklhofer experiment 

[116],   

Ming Jia simulation [113] 

Cavitation, 

supercavitation 

Cavitation 

model 

Singhal et.al. full cavitation model 

Schnerr-Sauer cavitation model 

Zwart-Gerber-Belamri cavitation model 

+ 

++ 

- 

I 

Winklhofer experiment 

[116],  

Ming Jia simulation [113] 

Turbulence Turbulence 

model 

Spalart-Allmaras Model 

Standard k- ε Model 

RNG k- ε Model 

Realizable k- ε Model 

Standard and SST k- ω Models 

Reynolds Stress Model (RSM) 

Large Eddy Simulation (LES) Model;      

Etc. 

- 

- 

+ 

++ 

- 

- 

+ 

I 

II 

Winklhofer experiment 

[22],  

Ming Jia simulation [113] 

Near-wall low-

Re turbulence 

Near-Wall 

Treatment 

Standard Wall Functions 

Scalable Wall Functions 

Non-Equilibrium Wall Functions 

Enhanced Wall Treatment ε-equation (EWT-ε) 

Enhanced Wall Treatment ω-Equation (EWT-ω) 

- 

+ 

++ 

- 

- 

I 

II 

Winklhofer 

experiment[116],  

Ming Jia simulation [113] 

Droplet moving  Euler-

Lagrangian 

model 

Discrete phase model (DPM) ++ 

II 

Andreas Schmid 

experiments [117]  

Tomio Obokata 

experiments and 

simulations [56, 64] 

Droplet breakup Breakup 

model 

Taylor Analogy Breakup (TAB) model 

Wave breakup model 

Kelvin-Helmholtz - Rayleigh-Taylor (KH-RT) 

Stochastic Secondary Droplet (SSD) 

- 

- 

+ 

++ 

II 

Andreas Schmid 

experiments [117],  

Tomio Obokata 

experiments and 

simulations [56, 64] 

Vapor 

transport, air-

vapor diffusion 

Species 

transport 

model 

Species transport model ++ 

II 

Andreas Schmid 

experiments[117], Sazhin 

experiments and 

simulations [118,119] 

Droplet 

evaporation 

Evaporatio

n model 

Diffusion controlled model 

Convection-diffusion controlled model 

- 

++ 
II 

Sazhin experiments and 

simulations(118, 119) 

Moving 

geometry 

Dynamic 

mesh 

Dynamic mesh ++ I 

II 

 

 

Notations of models: “-“ presented in Fluent but not used, “+” tested, “++” selected as most applicable. 

 

 


