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Abstract 
The increasing amount of renewable energy today makes the power generation 
challenging to control. When tuned correctly, internal combustion engines have good 
potential to make the power generation more stable. In this thesis, engine loading of a 
Wärtsilä medium speed, turbocharged gas engine was investigated, by the use of cylinder 
direct air injection (CAI). During loading, the engine is supplied with more fuel gas, 
which temporarily makes the air–fuel mixture rich. This increases the risk for engine 
knock or misfiring. The air supply is limited during the first most critical seconds after 
the loading, due to lag in turbocharger rotational speed. It is therefore beneficial to supply 
additional air for the combustion in another way. Previous tests have showed that CAI is 
a promising air supply method. 
 
To preserve a proper combustion during engine loading with CAI, the in-cylinder mixing 
is crucial, and was hence investigated by computational fluid dynamics (CFD) 
simulations. Simulations with GT-Suite revealed that the compression temperature gets 
very high with CAI, since it compresses the air–fuel mixture. One solution is to cool 
down the injected air, but the CAI parameters could also be optimized. According to 
simulations, a CAI not close to the BDC gave the lowest compression temperature, since 
this caused the least compression of air–fuel mixture. A late CAI, with no intake valve 
Miller timing, gave the highest power output, due to the least pumping losses. 
 
An engine loading experiment on a single-cylinder engine was done in Vaskiluoto, 
Vaasa, to study the real combustion with CAI. Additionally, preparatory simulations 
before the experiment were performed. Load steps were taken by using a specific CAI 
duration, and then by stepwise increasing the fuel gas duration until a limit was reached. 
The results were analysed and post processed by tuning the GT-Suite simulation model 
to correspond to the experiment results. In this way, a deeper understanding about the 
test results could be gained, like e.g. compression temperature, air and gas masses 
through the valves, and air–fuel ratio. 
 
The study of CAI, by means of GT-Suite simulations, CFD and engine testing, provided 
useful knowledge for further development of this method to improve engine loading. 
 
Keywords  instant loading, load step, gas engine, turbocharging, single-cylinder, 
simulation, GT-Suite, direct air injection, duration, timing, residual gas 



 

ii 



 

Aalto-universitetet, PB 11000, 00076 
AALTO 

www.aalto.fi 
Sammandrag av diplomarbetet 

 

iii 

Författare  Ben Smulter 
Titel  Snabb lastupptagning för gasmotorer 
Utbildningsprogram  Utbildningsprogrammet för energi och VVS-teknik 
Huvud-/biämne  Energiteknik/Maskinkonstruktion Kod  K3007 
Övervakare  Prof. Martti Larmi 
Handledare  Christer Hattar, M.Sc. (Tech.) 
Datum  20.5.2016 Sidantal  74+1 Språk  Engelska 

Abstrakt 
Den ökande mängden förnybar energi idag gör att kraftproduktionen är svår att 
kontrollera. Med rätt inställningar har förbränningsmotorer en stor potential att göra 
kraftproduktionen mera stabil. I denna avhandling undersöktes lastupptagningsförmågan 
hos en medelvarvig, turboladdad Wärtsilä gasmotor, genom användning av direkt 
injektion av luft i cylindern (CAI). Under lastupptagningen tillförs mera gas till motorn, 
vilket temporärt gör luft–bränsleblandningen rik. Detta ökar risken för knackning eller 
misständning i motorn. Lufttillförseln är begränsad under de första mest kritiska 
sekunderna efter att lastupptagningen startat, på grund av tidsfördröjning i turbons 
rotationshastighet. Det är därför gynnsamt att tillföra ytterligare luft inför förbränningen 
på ett annat sätt. Tidigare tester har visat att CAI är en lovande lufttillförselmetod. 
 
För att ha en fortsatt bra förbränning under lastupptagning med CAI är blandningen inuti 
cylindern essentiell, och blev därför undersökt genom simuleringar i strömningsdynamik 
(CFD). Simuleringar med GT-Suite visade att kompressionstemperaturen blir väldigt 
hög med CAI, eftersom det komprimerar luft–bränsleblandningen. En lösning är att kyla 
ner den injicerade luften, men CAI parametrarna kan också optimeras. I enlighet med 
simuleringar ger CAI, som inte är nära det nedre dödläget, den lägsta 
kompressionstemperaturen, eftersom detta orsakade minst kompression av luft–
bränsleblandningen. En sen CAI, utan Miller timing för insugsventilen, gav högst effekt, 
på grund av den lägsta mängden pumpförluster. 
 
Ett lastupptagningsexperiment på en encylindrig motor gjordes i Vasklot, Vasa, för att 
studera den verkliga förbränningen med CAI. Dessutom gjordes även förberedande 
simuleringar inför experimentet. Laststeg utfördes genom att använda en specifik 
varaktighet för CAI, och därefter genom att stegvis öka mängden gas tills en gräns blev 
nådd. Resultaten analyserades och processerades genom att ställa in GT-Suite 
simuleringsmodellen, så att den motsvarade resultaten från experimentet. I och med detta 
kunde en djupare förståelse för testresultaten fås, som exempelvis kompressions-
temperaturen, luft- och gasmassorna genom ventilerna, och luft–bränsleförhållandet. 
 
Studien av CAI, med hjälp av GT-Suite simuleringar, CFD och motortest, gav användbar 
vetskap för fortsatt utveckling av denna metod för att förbättra lastupptagningsförmågan 
hos förbränningsmotorer. 
 
Nyckelord  snabb lastupptagning, laststeg, gasmotor, turboladdning, encylindrig, 
simulering, GT-Suite, direkt injektion av luft, varaktighet, timing, restgas 
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Abstrakti 
Lisääntyvä uusiutuvan energian määrä aiheuttaa haasteita voimantuotannon 
säätämisessä. Oikein viritettyinä, polttomoottoreissa on suuri mahdollisuus vakauttaa 
voimantuotantoa. Tässä diplomityössä tutkittiin Wärtsilän keskinopeuksisen 
turboahdetun kaasumoottorin kuormittamista käyttämällä ilman suorasuihkutusta 
sylinteriin (CAI). Kuormittamisen aikana moottoriin syötetään enemmän kaasupoltto-
ainetta, joka hetkellisesti tekee ilma–polttoaineseoksen rikkaaksi. Tämä kasvattaa 
nakutuksen tai katkomisen riskiä. Turboahtimen pyörimisnopeuden viiveen takia ilman 
saanti on rajoittunut ensimmäisten kriittisten sekuntien aikana kuormittamisen jälkeen. 
Tämän vuoksi on hyödyllistä syöttää lisää ilmaa palotapahtumaa varten toisella tapaa. 
Aikaisemmat testit ovat osoittaneet, että CAI on lupaava ilmansyöttötapa. 
 
Kunnollisen palamisen ylläpitämiseksi kuormittamisen ja CAI:n aikana sylinterin 
sisäinen sekoittuminen on ratkaisevaa, ja siksi sitä tutkittiin virtauslaskenta-
simulaatioiden (CFD) avulla. GT-Suitella tehdyt simulaatiot osoittivat, että puristus-
lämpötila tulee erittäin korkeaksi käytettäessä CAI:ta, koska se puristaa ilma–
polttoaineseosta. Yksi ratkaisu on suihkutetun ilman jäähdyttäminen, mutta myös CAI:n 
suihkutusparametrit voidaan optimoida. Simulaatioiden mukaan alhaisin puristus-
lämpötila aikaansaatiin kun CAI ei ollut lähellä alakuolokohtaa, koska se aiheutti vähiten 
ilma–polttoaineseoksen puristusta. Myöhäinen CAI ilman imuventtiilin Miller-ajoitusta 
antoi suurimman tehon pienimpien pumppaushäviöiden ansiosta. 
 
Kuormittamiskoe tehtiin yksisylinterisellä moottorilla Vaasan Vaskiluodossa moottorin 
todellisen palotapahtuman tutkimiseksi CAI:ta käytettäessä. Lisäksi tehtiin valmistelevia 
simulaatioita ennen koetta. Kuormitusta muutettiin portaittaisesti käyttäen tiettyä CAI 
kestoa ja kasvattamalla kaasupolttoaineen määrää rajojen määrittämiseksi. Tulokset 
analysoitiin ja jälkikäsiteltiin virittämällä simulaatiomallia GT-Suitessa vastaamaan 
koetuloksia. Tällä tavalla saatiin syvempi ymmärrys koetuloksista, kuten 
puristuslämpötilasta, ilman ja kaasun määristä venttiilien läpi sekä ilman ja polttoaineen 
seossuhteesta. 
 
CAI:n tutkiminen GT-Suite simulaatioiden, virtauslaskennan ja moottoritestien avulla 
tuotti käyttökelpoista tietoa tämän menetelmän jatkokehitykseen moottorien kuormitetta-
vuuden parantamiseksi. 
 
Avainsanat  äkillinen kuormitus, kuormitusporras, kaasumoottori, turboahtaminen, 
yksisylinterinen, simulaatio, GT-Suite, ilman suorasuihkutus, kesto, ajoitus, 
jäännöskaasu 
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1 Introduction 

In a world where the rate of population increases with a faster rate for every day, greater 

demands are put on power generation. Because of tighter emission regulations, today’s 

trend is to move in the direction of clean energy from renewable sources, like wind and 

solar power. Due to the renewables’ great variability in power output (Figure 1), other 

power generating devices with fast loading abilities are needed to smoothen out the 

differences in power production and demand. These aforementioned abilities are also 

needed in e.g. the ship power industry, where varying external conditions must not cause 

the power generating device to fail. Internal combustion engines are devices that, with 

the right settings and tuning, can possess over these essential features. 

For an engine to take a large load step while maintaining successful combustion, the 

problem lies not in injecting the needed amount of fuel, but in supplying the needed 

amount of air. This thesis will examine if the loading capability of a Wärtsilä 31 spark 

gas engine (W31SG) improves by injecting the needed air amount through cylinder direct 

air injection (CAI), with focus on a continued proper combustion without knocking nor 

misfiring in the cylinder. The examination is conducted through i.a. simulations of a 

W31SG single cylinder engine (SCE) model with GT-Power, which is a component 

library in the engine performance simulation software GT-Suite. 

 

Figure 1. The “Irish Hedgehog” is a future prediction that illustrates a situation that demands 
flexible power generation. If the share of wind power plants is too large, severe sharp peaks are 

left for other power plants to take care of. [1] 
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1.1 Research Problem 

A Wärtsilä engine’s ability to cope with large, instant load steps, has so far only been 

possible with temporary mixture enrichment, i.e. that an extra amount of fuel gas has been 

injected without the same sudden increase in air, giving a temporary low lambda (λ) value. 

The λ is given by the equation 

 λ =
𝐴𝐹𝑅

𝐴𝐹𝑅𝑠𝑡𝑜𝑖𝑐ℎ
,   (1) 

where 𝐴𝐹𝑅 is the actual air–fuel ratio, and 𝐴𝐹𝑅𝑠𝑡𝑜𝑖𝑐ℎ is the stoichiometric air–fuel ratio. 

The lower the λ is, the hotter the combustion will get, which gives higher NOx levels and 

a higher risk for engine knock. The Wärtsilä engines’ new 2-stage turbochargers (TCs) 

provide the cylinders with the needed amount of air during steady state operation 

(although Wärtsilä engines use early Miller timing for their intake valves), but due to TC 

lag, the TCs cannot increase the boost pressure fast enough when an instant load step is 

taken. The result of a too large load step is therefore either knocking, or in the worst case, 

engine shut down. 

To be able to take larger instant load steps than before, more air needs to be supplied 

during the first critical seconds after the load step. Experiments have shown that the most 

effective way to do this is by direct injection of air into the cylinders, but this cylinder 

direct air injection (CAI) brings several challenges that need to be solved. Among these 

challenges are e.g.: 

o Mixing of CAI air and cylinder air–fuel mixture: Will the total final mixture 

ignite, or will there be misfiring? 

o If the mixture ignites, will knocking or pre-ignition occur? 

o How large instant load steps can be taken with CAI? 

o How should the CAI system be dimensioned? 

1.2 Goal 

The first goal of this thesis is to clarify which CAI settings that give the best performance, 

and the lowest compression temperature, during fast loading for a single-cylinder engine 

(SCE). This is done by simulations in GT-Power. 
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The second goal is to examine how large load steps can be taken by using CAI, by doing 

an experiment on an SCE in Vaskiluoto, Vaasa. In this experiment, the load steps are 

taken instantly, when the engine is warm and its speed already is at 750 rpm. As can be 

seen in Figure 2 for an engine in an engine power plant (EPP), the engine normally has 

to first accelerate to its nominal speed, then the load (power output) is increased in a 

smooth ramp to the desired value. 

 

Figure 2. A 0-100 % load step ramp for a Wärtsilä engine. First acceleration (0-30 s), then load 
step (30-300 s). [1] 

1.3 Scope and Limitations 

This master’s thesis is a pre study of a Wärtsilä project named “Instant loading for gas 

engines”, and is only a small part of a larger entirety. Due to limited amount of time, 

experiments of CAI on a multi-cylinder engine (MCE) were not conducted, instead they 

were done on an SCE. 

Since the W31 is a new engine, only steady state tests at 25 %, 50 % and 100 % load have 

been done so far. Other load points than these need to be obtained through calculation. 

Also, no transient state tests have been performed, which means that the GT-Power 

transient state simulation results cannot be directly compared to experimental results. 

Therefore, the GT-Power results can be misleading, but relative changes between the 

results are more trustworthy. 

Since GT-Power’s equations are solved in only one dimension, it always assumes perfect 

mixing of all fluids in a specific component (including the mixing of the final air–fuel 

mixture in the cylinder), independently of how the fluids would mix in reality. When the 
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spark in the W31SG GT-Power model ignites the combustible mixture, combustion 

according to a predetermined heat release rate (HRR) curve, set in the cylinder object of 

the model, is always assumed. This means that as long as λ is larger than 1.0, all the fuel 

in the cylinder is burnt. In-cylinder phenomena like e.g. engine knock or misfiring can 

therefore not be seen directly from GT-Power, but e.g. the λ or cylinder temperature could 

reveal whether these phenomena occur or not. Component failure is another thing that 

cannot be seen directly from this software, but e.g. the component temperature could give 

some indications for this. Emissions are not looked at in the simulations, nor is it 

considered needed, since the emission levels are not normally measured during transient 

state. 

In this thesis, only parameters relevant for the CAI system, the fuel system, and the intake 

system will be varied when fine tuning the engine loading capabilities. Other parameter 

tuning, like e.g. variation of the spark ignition timing, is not part of the scope. The pace 

of engine warm up and acceleration from standstill to a nominal speed of 750 rpm will 

not be taken into consideration in the simulations. Instead, all the load steps are taken 

when the engine is already running at its nominal speed.  

1.4 Methods 

A theoretical study was made to show what differentiates Wärtsilä engines from many 

other engines. The history of CAI is also presented, including comparative tests with other 

similar applications. 

Boundary conditions (taken from GT-Power) were given to the company FS Dynamics, 

who did computational fluid dynamics (CFD) simulations to examine the in-cylinder 

mixing with CAI. These results were compared to earlier CFD simulations they had done 

with cylinder direct injection of natural gas. 

By using an SCE model in GT-Power, simulations were done to see which settings give 

the best loading performance. Simulations were also done to prepare for the experiment 

on an SCE. 

Finally an experiment on an SCE was done, to examine how large load steps could be 

taken with CAI, before reaching a limit. These results were compared to a reference case 

where no CAI was used in taking the load steps. 
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2 Wärtsilä Engines 

This chapter gives technical data about the W31, and general information about Wärtsilä 

engines. These engines differ from other engines in many ways, and this chapter’s 

purpose is to give the reader a better understanding of these differences, to be able to e.g. 

follow the simulation results in the coming chapters. 

2.1 Wärtsilä 31 Technical Data 

The W31 is available in different configurations from 8 to 16 cylinders, whose 

corresponding outputs range from 4.2 to 9.8 MW, at 720 and 750 rpm. Figure 3 shows a 

10-cylinder W31SG in a V-formation (W10V31SG), which operates purely on natural 

gas that is ignited by a spark. It has of yet the best fuel economy of all the engines in its 

class, and meets simultaneously the coming IMO Tier III regulations without additional 

installations, when operating on gas. The advanced UNIC control system, injection 

system, and variable valve timing make the engine capable of operating at its optimal 

running performance at any load over the load spectrum. Due to the engine’s clever 

modular design, its maintenance time is low. Some relevant engine parameters and 

dimensions for the W10V31SG are shown in Table 1, and a 2D drawing for the engine is 

shown in Figure 4. [2] 

 

Figure 3. The Wärtsilä 31 engine. [2] 
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Figure 4. 2D drawings illustrating the engine measures. [2] 

Table 1. Engine parameters and dimensions (measures seen in Figure 4). [2] 

2.2 Characteristics of Wärtsilä Engines 

2.2.1 Spark Gas Engine Operating Principle 

The SG engine is based on the Otto cycle, and hence uses a spark plug to ignite an air–

fuel mixture, that enters through the intake valves. The gas is injected through port 

injection, and is controlled separately for every cylinder. Auto ignition in SG engines is 

prevented by setting the correct limits on the compression ratio (CR). Figure 5 shows a 

cross section of an SG engine’s cylinder in operation, with port injected gas on the right, 

and gas injected into the pre chamber to the left. [3] 

W10V31SG 
Parameters Engine dimensions 

Cylinder bore 310 mm A* 6820 mm 

Piston stroke 430 mm A 6225 mm 

Engine speed 750 rpm B 3205 mm 

Cylinder output 600 kW/cyl C 3100 mm 

Number of cylinders 10 - F 1500 mm 

Cylinder volume 32.5 l Weight 62 tons 

Mean effective pressure 29.6 bar 

Piston speed 10.75 m/s 
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Figure 5. A spark gas engine's cylinder in operation. [3] 

SG engines operate with lean air–fuel mixtures, resulting in a lower combustion 

temperature compared to diesel engines. This means that SG engines, besides generating 

a lower amount of carbon dioxides (CO2), sulfur dioxides (SO2) and particulate matters 

(PM) due to natural gas being cleaner than fuel oils, generates a lower amount of nitrogen 

oxides (NOX) than diesel engines. [3] 

2.2.2 Starting Air System 

Unlike regular car engines, that use an electric starter motor for starting of the engine, 

Wärtsilä engines most often use compressed air for the starting (nominal maximum 

pressure 30 bar, minimum recommended pressure 18 bar). The starting air is directly 

injected into the cylinders through the starting air valve during the expansion stroke, and 

pushes the cylinders down in an organized way, whereby it starts to rotate. In the 

beginning the engine is slow turned two revolutions by injecting a small amount of air, to 

e.g. remove unwanted water and for checking that the engine rotates. After that, the air 

amount through the starting air valve increases to accelerate the engine to a certain speed, 

at which also fuel starts to be injected. At this point, actual combustion starts in the 

cylinders, and the starting air is disconnected. The whole sequence can be seen in Figure 

6. Two starting air compressors are normally installed, which fill the starting air vessel 

from minimum to maximum pressure in 15-30 minutes, from which the air flows to the 

starting air valves [4]. It is this same starting air valve that also will be used for the CAI. 
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Figure 6. Starting of a Wärtsilä engine. [5] 

2.2.3 Valve Timing 

To reduce NOx emissions without increasing specific fuel oil consumption (SFOC) [6], 

Miller timing (Figure 7) is often used in medium speed engines. There is both early and 

late Miller timing, depending on if the IV closes before (early Miller) or after (late Miller) 

BDC. On Wärtsilä engines, early Miller timing is most often used. 

 

Figure 7. Miller timing. [6] 

It is important to distinguish between traditional definition and technology definition of 

timing. As can be seen in Figure 8, traditional timing is the time when the valve starts to 
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open. Technology timing (T-timing) however, is the time when the valve already has 

opened 1 % of the cylinder diameter. If taking the W31 as an example, that has a cylinder 

diameter of 310 mm, the T-timing of its valves is 3.1 mm. T-timing is useful for getting 

a better understanding of when it actually starts flowing through the valve, since it can 

take a long time before a flow through the valve is seen after a traditional timing, 

depending on how fast the valve opens/closes. When the word “timing” is mentioned in 

the future of this thesis, T-timing is the definition referred to.  

 

Figure 8. Traditional and technology timing. [6] 

When talking about Miller timing, it is often understood, without saying, that the BDC in 

conjunction with the end of the intake stroke is the zero point (540 CA in Figure 7). Most 

often though, when talking about the engine cycle’s zero point, TDC in conjunction with 

the end of the compression stroke is the zero point, like in Figure 7. The Miller timing 

has therefore, in spoken language, got its own scale, and is always only used when talking 

about when the valve in question closes, not when it opens. If saying that the Miller timing 

is -70 CA for the IV, it closes at 470 CA according to the “engine scale” (or at -250 CA, 

depending on if going forward or backward from the engine scale’s zero point). In the 

future of this thesis though, the real engine cycle scale is used, unless stated otherwise. 

2.2.4 Turbocharging 

All Wärtsilä’s engines are supercharged with turbochargers (TCs, Figure 9) in one way 

or another. Supercharging is done to supply high pressurized air into the cylinders (1), so 
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that it becomes possible to burn more fuel (since more air is available for combustion), 

which increases the output. The exhaust gas (2) is directed with a high velocity onto the 

turbine (3) blades, which drives a compressor wheel (4) mounted on the same shaft. This 

compressor sucks in ambient air through a filter and compresses the air, which afterwards 

is fed via an aftercooler (5) to the air receiver (6), from where it goes into the cylinders. 

[6] 

The TC contributes with as much as 80 % of the engine output, this can be seen in the 

simulated W64 pV-diagram in Figure 10. The efficiency of the TC is important, since 4-

5 % in TC overall efficiency corresponds to about 1 % (2 g/kWh) in SFOC. [7] 

 

Figure 9. Cross-section of a turbocharger mounted on top of an engine at the flywheel end. [6] 
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Figure 10. About 80 % higher output when using a turbocharger. [7] 

To obtain the needed boost pressure, 2-stage TC’s are common in today’s engines. A 2-

stage TC has one low pressure and one high pressure TC, with an intercooler between 

them. The efficiency of a 2-stage TC is in general higher than that of a regular 1-stage 

TC. Since a larger Miller timing can be used with 2-stage TC’s, the combustion 

temperature decreases which in turn increases the margin to knock (and decreases the 

NOx emissions), at the same time as the brake mean effective pressure (BMEP) increases 

[8]. The BMEP value is a measure of the engine’s capacity to do work, independently of 

the engine displacement, and can be calculated by 

 𝑝𝑚𝑒 =
𝑀∗2𝜋

𝑉𝐻∗𝑖
,   (2) 

where 𝑝𝑚𝑒 is the brake mean effective pressure, 𝑀 is the engine torque, 𝑉𝐻 is the total 

swept volume of the engine, and 𝑖 is the amount of working cycles per revolution (0.5 for 

four-stroke, 1 for two-stroke engines) [9]. 

1.4.1 Control System 

The general control system on the Wärtsilä engines is made up of the unified controls 

(UNIC) automation system, which is mounted directly on the engines and are thus 

designed for their demanding environments (regarding e.g. temperature and vibration 

endurance). UNIC consists of many modules that cooperate together. The main control 

module (MCM) controls speed and load, and does overall engine management. The 

cylinder control module (CCM) controls the fuel injection and ignition, and takes cylinder 
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measurements like pressure, temperature, tendency for knock etc. The input/output 

module (IOM) gets input from sensors and devices that are spread out on the engine, and 

distribute it to other modules. The engine safety module (ESM) handles the fundamental 

engine safety. These are some of the most important modules in the control system 

(illustrated in Figure 11). [10] 

 

Figure 11. Unified controls bus design and main components. [11] 

To keep λ at a value around 2.0, the boost pressure generated by the TC needs to be 

regulated. This can be done with an exhaust waste gate (EWG), an air waste gate (AWG), 

or an air by-pass (ABP), or a combination of them (seen in Figure 12 and Figure 13). 

These three are all regulated by the IOM, which gets needed input (like speed and load) 

from the MCM. An EWG (Figure 12, above the turbine) is a passage bypassing the 

exhaust turbine in the TC. The EWG’s task is to decrease the flow through the turbine, 

hence decreasing its speed, and therefore simultaneously decreasing the pressure ratio 

and mass flow on the compressor side. An AWG (Figure 13) is used for the same purpose, 

but is most often used in situations where the EWG cannot function properly, or when the 

EWG is not regarded feasible. The ABP (Figure 12) is a system most often used for 

improving the part load performance (10-60 % load) of marine main diesel engines with 

variable speed, in the form of a pipe connection with an on-off valve between the 

compressor outlet and the turbine inlet. [7] 
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Figure 12. An engine with exhaust waste gate and air by-pass installed. [7] 

 

Figure 13. An engine illustrating two types of air waste gate application systems. [7] 

1.4.2 Engine Loading 

The power produced by an engine can be calculated by 

 𝑃 = 𝑀 ∗ 𝜔 = 𝑀 ∗ 2𝜋𝑛,  (3) 

where 𝑃 is the power output, 𝑀  is the torque, 𝜔  is the angular velocity, and 𝑛 is the 

engine speed. 

A Wärtsilä medium speed engine’s power output is controlled by either speed or load 

control, Figure 14 illustrates the working principle of both applications. If the engine-

generator set is running in parallel to a strong electricity grid, it is the grid that determines 

the speed of the engine. If the grid frequency is 50 Hz, the engine speed 𝑛 is “locked” to 

the constant speed value that gives 50 Hz out to the grid (unless a frequency converter is 

used). In this case, the engine uses load control. If more power is demanded from the 

engine, the controller regulates the air and fuel supply to the engine’s cylinders to correct 
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for this deviation. Since the speed is constant, it is the torque in equation 4 that is increased 

to give the correct power output. [12] 

If the engine-generator is running in island operation (when one or several engines feed 

power into a local grid, e.g. the machinery system in a ship), it is the generating set that 

determines the frequency and voltage for the connected load. In this case, when the speed 

can vary, speed control is used to keep the engine speed at its target (750 rpm for a 

W10V31SG). The engine speed drop depends on the load step size: The larger the load 

step, the more energy will be withdrawn from the rotational energy bound in the crank 

shaft, since the engine instantly has to cope with the load step. With a large inertia of the 

rotating parts, the speed drop will be lower. Simultaneously as the speed drops, the torque 

rises to a value corresponding to the new load level, as can be seen in Figure 19. Today’s 

generators usually have rapid electronic control equipment correcting the magnetic flux, 

in an attempt to keep the generator’s voltage close to the desired value when the shaft 

speed drops. [12] 

 

Figure 14. Speed and load control working principles. [12] 

Traditionally, Otto-cycle engines’ speed and power are controlled with a throttle valve 

that meters the amount of air–fuel mixture into the cylinders, as the engine layout to the 

left in Figure 15 shows. Its dynamic response time is heavily dependent on its operating 

point, due to different pressure differences over the throttle. However, due to the slow 

response time to the load change of e.g. the TC, the throttle valve, and the carburettor, 

optimized gas engines with only throttle valve control cannot jump higher in load than 

about 20 %-units at idling, and about 10 %-units around 70 % load. Aside from the 

general risk of backfiring with throttle valve controlled engines, a risk of compressor 
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surge exists during load rejection, if there is an immediate closure of the throttle valve. 

[12] 

In Figure 15 to the right, we see an engine layout that Wärtsilä engines use. These engines 

do not use throttle valves, instead receiver pressure and temperature decides the air mass 

flow into the cylinders. The receiver pressure is determined by a WG and/or an ABP 

(declared in chapter 2.2.5 Control System), and the receiver temperature by the 

aftercooler. Without a throttle, the minimum receiver pressure will be close to the ambient 

pressure, which means that at low loads like idling, the air amount (and hence λ) will be 

too large. To hold λ at a value around 2.0 at idling conditions, skip firing, where only part 

of the engine’s cylinders are active, is the only possibility to keep the engine running at 

zero load (in theory). If activating all cylinders while keeping the λ at this same value, the 

power increases from 0 % to 30 % of the rated load. If the main gas valves’ (MGV) 

duration simultaneously would be increased to give a mixture with a λ of 1.0, it would 

theoretically be possible for these engines to jump from 0 % to 60 % of the rated load 

(Figure 16) [24]. However, engine knock would probably take place long before reaching 

a λ of 1.0. In reality though, Wärtsilä engines are able to run with all cylinders active also 

at idling, although λ is much higher than 2.0. 

 

Figure 15. Traditional and Wärtsilä engine layout. [12] 
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Figure 16. Theoretical example of an 18 cylinder gas engine’s loading ability without a throttle 
valve. [12] 

It is of utmost importance that the engine control system responds rapidly when a load 

step is forced on the engine, to prevent the engine from shutting down. If the engine 

specifications follows class G2 of ISO 2528, the transient frequency deviation must not 

exceed 20 % from the rated frequency, and the maximum allowed frequency recovery 

time is 5 s. A drawback with four-stroke engines is that some cylinders might not be able 

to respond to a load step in three crank shaft revolutions (worst case scenario), depending 

on in which stroke the piston was in when the additional load was forced on the engine. 

As can be seen in Figure 17 [13], the TC is always slow to react to a load step, 

independently of which of the two layouts in Figure 15 the engine uses. As the figure 

shows, it takes over 7 s for the TC speed to increase to such a value that it generates the 

needed air for proper combustion together with the new fuel amount. Temporary mixture 

enrichment has so far been the only way to cope with a load step, made possible by the 

per-cylinder fuel injection with electromagnetic gas admission valves that Wärtsilä 

engines use. [12] 
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Figure 17. Slow response in turbocharger rotational speed after a load step. [13] 

Conclusion 

This chapter gave a general explanation about Wärtsilä engines. The gas enters the SG 

engines’ cylinders through port injection, and is separately controlled for every cylinder.  

Wärtsilä engines are started by compressed air through the starting air valve, and not with 

an electric starter motor, like regular car engines. This starting air valve is also used for 

the cylinder direct air injection that is gone through in detail in the coming chapters.  

In this work, it is important to distinguish between the traditional and the technology 

definition of timing for the valves, hence the detailed explanation of the subject in this 

chapter. Unless stated otherwise, technology timing (T-timing) is the timing definition 

used in this thesis. 

Turbochargers contribute with the majority of the engine’s output, but in the context of 

instant loading, they are too slow to react. Therefore, extra supply of air in one way or 

another is needed.  

The UNIC automation system consists of many modules that communicate with each 

other. As an example in this chapter, it is explained how the waste gates and by-passes 

work, which UNIC regulate to control λ. 

Wärtsilä engines do not use throttle valves, instead the air flow into the cylinders are 

decided by the charge pressure and temperature. So far, the only way to cope with a load 

step has been temporary mixture enrichment, i.e. fuel increase that results in a low λ. 
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3 Cylinder Air Injection Background 

Chapter 2.2.6 Engine Loading described how Wärtsilä engines cope with load steps 

today. This chapter will introduce the main theme of this thesis that will support in the 

load step taking, namely CAI. It starts with a review of its history, and after that it is 

compared to other air supply applications. 

3.1 History 

In 1893, Rudolph Diesel contracted with Augsburg and Krupp of Germany to develop a 

more efficient internal combustion engine, and one of his objectives was to use powdered 

coal that had been accumulating throughout the country side. He had compressed air (at 

almost 70 bar) stored in a tank, and coal contained in a hopper, and the idea was to blast 

the fuel into the combustion chambers by using this compressed air. However, when 

trying to start the engine, it exploded, and all the subsequent efforts to operate the engine 

on coal dust also failed. Due to these results, oil became the standard fuel choice for the 

next century. [14] 

The first experiments with mechanical injection of oil were unsatisfactory, perhaps due 

to the momentary crude injection equipment. Rudolph Diesel then again tried his original 

idea with injecting both air and fuel into the cylinders, this time with oil instead of coal 

as fuel. The tests were very successful, and this then became the accepted method of 

injection for many years ahead. The principle of this air injection system (Figure 18) was 

the following: Fuel oil was metered, and a pump was used to deliver it to the atomizer. 

To this atomizer was also coupled a high pressure air storage tank, supplied by a 

compressor. When the injector valve was opened by a cam actuated mechanism, high 

pressure air flowed from this tank into the cylinders, and with it the fuel oil got carried 

along as a finely atomized spray. [14] 
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Figure 18. Rudolph Diesel’s air injection system. [15] 

3.2 Previous Tests 

There are many different ways to supply the needed air during a load step, but many tests 

reveal that cylinder direct air injection is the most optimal choice. In the EU project 

“SMOKERMEN” [16], a diesel engine’s behaviour during a load step from idling to a 

BMEP of 9.3 bar (0–45 %) at constant speed was investigated (Figure 19).  

Three different approaches were used to minimize the engine’s recovery time in speed 

after the load step. SPS and CVT in the figure stands for “constant pressure 

turbocharging” and “controlled pulse turbocharging”, respectively. Due to size 

differences in the exhaust manifold between these two systems, SPS is preferred on large 

engines at high load, while CVT is preferred on smaller engines at lower load [17, 18]. 

Due to more available energy in the exhaust for the turbine to use in a CVT system [17], 

the turbine acceleration is faster, which is why this system’s recovery is faster during 

transient states, although the drop in speed is larger. The system with lowest recovery 

time and speed drop, however, was a combination between SPS and jet assist (light blue 

line). Jet assist means injecting compressed air into the compressor channels, to support 

the turbocharger acceleration during transient operation. Compared to the reference case 

(only SPS), the use of jet assist cuts the recovery time by more than half. 
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Figure 19. Load step behaviour for the engine used in the EU project “SMOKERMEN”, for 
three different setups. [16] 

In another test made by ABB [19], even more systems were tested and compared with 

one another on a (power plant) diesel engine during different load steps (Figure 20), to 

see which one that gives the lowest engine speed drop and recovery time. The first system 

had a TC with nozzle ring “TA65” (1) (reference case), the second had a TC with a smaller 

nozzle ring (“TA55”) (2), the third had jet assist with air injection pressure of less than 4 

bar (3), the fourth had air injection after the compressor with air injection pressure of 7 

bar (4), the fifth was a combination between jet assist and air injection after the 

compressor (5), and the last used cylinder direct air injection (CAI) with air injection 

pressure of 31 bar (6). Only relative changes can be seen in the graph, since the scales 

have been removed. 

The results show that the engine speed drop and recovery time is lowest for CAI. A 

combination of jet assist and air injection after the compressor gives the second best 

result. A concern with air injection after the compressor is that the risk of compressor 

surge increases. The jet assist, on the other hand, needs to be turned off when the TC 

reaches large rotational speeds, since there is risk of compressor blade resonance that can 

destroy the compressor. If no extra application is used at all, a smaller nozzle ring for the 
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TC is preferred during the load steps. A smaller nozzle ring requires a WG installed on 

the engine. Considering the other applications’ problems, CAI is the optimal choice. 

 

Figure 20. Load step behaviour for the engine used in ABB’s test. [19] 

Conclusion 

Rudolph Diesel was the first to try direct injection of air into the cylinders. The initial 

tests failed, but soon thereafter, this method of air injection became the standard for many 

years ahead. 

Nowadays, air is compressed by a TC before it is supplied via the IV into the cylinders. 

This is however not enough when taking large load steps, which is why direct injection 
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of highly pressurized air into the cylinders has been on the carpet in this context lately. 

According to the experiments referred to in this chapter, direct air injection is superior to 

other common air injection applications. 
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4 Computational Fluid Dynamics Simulations 

This chapter tells about the CFD simulations: The cylinder direct injection (DI) of natural 

gas at a pressure of 5.7 bar, and the cylinder DI of air at a pressure of 30 bar. Although 

the first simulations were made for natural gas, which has got other constituents than air, 

the principles for mixing remains almost the same. Therefore, DI of gas and air can be 

compared in a relatively good manner. 

4.1 Cylinder Direct Injection with 5.7 Bar 

In 2012, CFD simulations were made for DI of gas at a pressure of 5.7 bar into the 

cylinders, for examining the in-cylinder mixing. Good mixing in the cylinder is crucial, 

otherwise misfiring or pre ignition could occur. Misfiring happens if the mixture close to 

the sparking plug is too lean when the spark tries to ignite the mixture, resulting in no 

combustion at all, and hence unburnt fuel flowing into the exhaust system. If several 

misfirings happen in a row, the air–fuel ratio in the exhaust system can become favourable 

for self ignition, which then could cause an explosion there. Pre ignition occurs if a hot 

spot somewhere in the cylinder, or a rich part of the mixture, self ignites before the spark 

is supposed to ignite the whole mixture. This leads to worse performance, and can in the 

worst case lead to engine knock, where unwanted pressure waves travel back and forth in 

the cylinder, resulting in a terrible engine sound and risk of component failure. Figure 21 

illustrates how it may look when misfiring occurs during a load step, and Figure 22 then 

shows a more successful load step. 

 

Figure 21. Unsuccessful load step due to misfiring. [20] 
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Figure 22. Successful load step. [20] 

Figure 23 illustrates a five valve W31 CFD simulation model, made by FS Dynamics, 

with both a port fuel injection (PFI) pipe and a DI valve (the PFI pipe was not used in this 

simulation). 

 

Figure 23. A five valve W31 CFD simulation model with both a port fuel injection pipe and a 
direct injection valve. [21] 

The DI valve was used for simulating late injection of natural gas (lift profiles in Figure 

24), i.e. that the valve opened when the IV closed. A timing close to this one will probably 

be used in practice for the CAI valve that injects air. The reason for this is that the air 

pressure in the CAI pipeline is about 30 bar, and if this valve is open simultaneously as 

the IV, back flow through the IV into the receiver (with < 10 bar pressure) will occur. 

The boundary conditions for the CFD simulations were taken from GT-Power. Figure 25 

shows the mixing of a direct gas injection during the intake stroke. [21] 
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Figure 24. Lift profiles for (in the order of opening): Exhaust valve, intake valve, and direct 
injection valve. Lift (in mm) on the y-axis, crank angle on the x-axis. [21] 

 

Figure 25. Mixing of gas and air inside the cylinder during the intake stroke. [21] 

FS Dynamics also tested early DI injection with 6.7 bar gas pressure, i.e. that the DI valve 

and IV were open at the same time. This enhanced the mixing somewhat since there was 

interaction with the flow through the IV closest to the DI valve (Figure 26), and since 

there was a longer time available for mixing. Because of the low pressure in the gas 

pipeline for these simulations, the mass injected through the DI valve is very small 

compared to the more recent CFD simulations with DI of 30 bar air. 
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Figure 26. Velocity vectors displaying the intake valve’s assistance in mixing. [22] 

4.2 Cylinder Direct Injection with 30 Bar 

In the DI CFD simulations made by FS Dynamics [23], with boundary conditions from 

GT-Power provided by the author, pressurized air of 30 bar was used. Figure 27 illustrates 

that the used model is almost the same as the one used in the earlier simulations, with the 

only difference being the double PFI pipes with different incoming angles, now used to 

inject the gas into the intake ports. The DI valve will now be called “CAI valve”, since 

this section deals with pressurized air directly injected into the cylinder. 

 

Figure 27. A five valve W31 CFD simulation model with double port fuel injection pipes and a 
direct injection valve. [23] 

Three cases were simulated, the lift profiles are shown in Figure 28. In “CAI Case 1”, the 

CAI valve was already fully open when the IV closed, i.e. an early timing. In “CAI Case 

2”, the CAI valve started to open when the IV closed. In “CAI Case 3”, the CAI valve 

opened twice during one cycle: Once during the latter part of the exhaust valve (EV) 
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opening, and once when IV closed (same timing as in CAI Case 2). The first of the two 

valve openings was used for rest gas blow out, i.e. to blow out the rest gases in an attempt 

to lower the compression temperature.  

 

Figure 28. Lift profiles for the three simulated cases. [23] 

Differences between the cases could definitely be seen. As an example is the cylinder 

pressure, seen in Figure 29. A large pressure peak is seen between 300-380 CA for case 

3, when the CAI valve opens to blow out the rest gas. After that some oscillations occur, 

before the pressure stabilizes onto the same level as for case 2 at 440 CA. Right before 

this point however, the pressure starts rising in case 1, due to the very early CAI valve 

opening.  
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Figure 29. Cylinder pressure for the three simulated cases between 300-500 crank angles. [23] 

On the whole, it was noted that among the three cases, case 3 had the most uniform 

distribution, but it had also got the least natural gas admitted into the cylinder. Since the 

CAI valve in case 1 opened so early, less gas was admitted into the cylinder compared to 

case 2, which seemed to be the best option in this respect. This result was also expected 

before the CFD simulations, based on simulations in GT-Power. 

Conclusion 

Two different CFD simulations were compared in this chapter: DI of natural gas at 5.7 

bar (DI gas), and DI of air at 30 bar (DI air). Good in-cylinder mixing is very important 

for a stable engine operation.  

The valve timing for case 2 in the DI air-simulation resembles the one in the DI gas-

simulation. Due to the higher pressure in the DI air-simulation, the mixing in this 

simulation was better than in the DI gas-simulation. There were, however, also significant 

differences between the three cases in the DI air-simulation, due to the different valve 

timings and profiles. 
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5 Single-Cylinder Engine Simulations 

This chapter shows the simulations made with an SCE GT-Power model, but a simple 

valve model, without an engine component, was also used in chapter 5.2 Cylinder Air 

Injection Valve. The benefits with using a model with only one cylinder are several. Due 

to its simplicity, it is faster to change the settings before simulations, the simulations run 

faster, and the results are often easier to understand and analyse. With this SCE model it 

is mostly looked at different cylinder phenomena that occurs by varying the CAI timing, 

the CAI cooperation with the IV, CAI rest gas blow out etc. Figure 30 illustrates the whole 

SCE GT-Power model, with the intake system to the right, the exhaust system to the left, 

and the cylinder and engine in the middle. 

To be able to compare all the results, the λ was kept constant at about 2.0 by varying the 

CAI settings for every case, so that the ratio between the air amount and the fuel amount 

in the cylinder always would be the same when the measurements were taken. The 

compression quantities, and λ, were taken at -9.75 CA, right before the start of 

combustion. 

In the simulations in this chapter, the SCE model is always run in steady state at about 25 

% load for a couple of seconds in the beginning, then an instant load step is put on, taking 

the engine to about 75 % load. This is done by using load control, i.e. that the controllers 

change the load while the speed is kept constant at 750 rpm. In all the cases, to instantly 

change the load from 25 – 75 %, the gas valve duration is instantly increased to a new 

duration, without any proportional–integral–derivative (PID) controller. In the same 

cycle, the CAI air is put on to keep the λ constant. All the figures/tables in this chapter 

show values from this first cycle after the load step. As a reference case the W10V31SG 

model is used, that is run in steady state at 75 % load with speed control, i.e. that the load 

is fixed at 75 % of the engine’s maximum capacity while the controllers keep the speed 

constant. 
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Figure 30. The SCE model. 

5.1 GT-Power 

GT-Suite, developed by Gamma Technologies (GTI), is the leading 0D/1D/3D multi-

physics CAE system simulation software, and consists of several component libraries. 

One of these libraries is GT-Power, which is the industry standard engine performance 

simulation software, used by all major engine and vehicle manufacturers. [24] 



SINGLE-CYLINDER ENGINE SIMULATIONS 

33 

The GT-Power’s flow model involves the solution of the Navier-Stokes equations, which 

means the conservation of continuity, energy and momentum equations. These are shown 

in equations (4), (5) and (6), respectively. All these quantities are averages across the flow 

direction, since the equations are solved in only one dimension. 

 𝑑𝑚

𝑑𝑡
= ∑ �̇�𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑖𝑒𝑠 ,  (4) 

 𝑑(𝑚𝑒)

𝑑𝑡
= −𝑝

𝑑𝑉

𝑑𝑡
+ ∑ (𝑚𝐻) − ℎ𝐴𝑆(𝑇𝑓𝑙𝑢𝑖𝑑 − 𝑇𝑤𝑎𝑙𝑙)𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑖𝑒𝑠 , (5) 

 𝑑�̇�

𝑑𝑡
=

𝑑𝑝𝐴+∑ (�̇�𝑢)−4𝐶𝑓
𝜌𝑢|𝑢|

2
 
𝑑𝑥𝐴

𝐷
−𝐶𝑝(

1

2
𝜌𝑢|𝑢|)𝐴𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑖𝑒𝑠

𝑑𝑥
,  (6) 

where 𝑡 is the time, 𝑚 is the mass, �̇� is the mass flow, 𝑉 is the volume, 𝑝 is the pressure, 

𝜌 is the density, 𝐴 is the area, 𝐴𝑆 is the heat transfer surface area, 𝑒 is the total internal 

energy per unit mass, 𝐻 is the total enthalpy, ℎ is the heat transfer coefficient, 𝑇𝑓𝑙𝑢𝑖𝑑 is 

the fluid temperature, 𝑇𝑤𝑎𝑙𝑙  is the wall temperature, 𝑢 is the velocity, 𝐶𝑓 is the friction 

loss coefficient, 𝐶𝑝 is the pressure loss coefficient, 𝐷 is the equivalent diameter and 𝑑𝑥 is 

the discretization length. [25] 

Two choices of time integration methods exist: An explicit and an implicit integrator. 

Depending on which of these two methods that is used, the solution variables and time 

step limits will vary. In these simulations, the Explicit-Runge-Kutta method is used, since 

it gives accurate predictions of highly unsteady flow behaviours, due to its small time 

steps. In this method, the primary solution variables are mass flow, density and internal 

energy. These are calculated from the conservation equations (4), (5) and (6). The 

temperature and pressure are then iterated, until their equations give values that match the 

values of the primary variables. All pipes are discretized into smaller subvolumes (Figure 

31), and for each time step, the primary variables are calculated. This is done by using 

their values from the previous time step to calculate the right hand side of the conservation 

equations, which yield the primary variables’ derivatives. By integration of these 

derivatives over the time step, the values at the new time step is obtained. [25] 
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Figure 31. Discretization of volumes into smaller subvolumes, connected to each other by 
boundaries. [25] 

5.2 Cylinder Air Injection Valve 

Before the simulations with the SCE model, it was needed to optimize the flow through 

the CAI valve according to the results from a 3D-simulation (Figure 32) made by designer 

Mr. Magnus Sundstén. In this simulation, air with a pressure of 2.35 bar flowed through 

the valve (that was fully open at a lift of 8 mm) into a vacuum container with infinite 

volume. When the flow was stable, the mass flow rate was 0.2 kg/s. 

 

Figure 32. A 3D flow simulation made with the design and CAE software NX. 

In order to recreate the simulations with GT-Power in 1D, a simple valve model (Figure 

33) was built with a compressor on the left side, from which air flows through a pipe and 

the CAI valve out into vacuum. The compressor pressure was set to 2.36 bar while the 

environment pressure was 0.01 bar, so that the difference over the valve was 2.35 bar. 

After optimizing the flow coefficients (Figure 34) until reaching a mass flow of 0.2 kg/s, 
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it was noted that to obtain these results, the valve area had to be 1.125 times larger than 

the real area of 27 mm, which is 30.38 mm. 

 
Figure 33. Simple valve model 

 

Figure 34. Optimizing the flow coefficients by targeting the mass flow rate given by the design 
team. 

5.3 Compression Temperature 

Figure 35 illustrates the cylinder temperature for two simulation cases, one with CAI and 

one without CAI. As is shown in the figure, the red curve is the SCE model with CAI, 

and the blue curve is a reference with the W10V31SG model, both at 75 % load during 

this cycle. At the same timing that the IV closes (-250 CA, or -70 CA in Miller timing), 

the CAI valve opens. Due to the T-timing, there is a slight overlap in the opening between 

the IV and CAI valve (Figure 36). The pressure in the CAI system is 30 bar, and its air 

temperature is 60 °C. 
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Figure 35. Simulation with (red) and without (blue) CAI at 75 % load. 

 

Figure 36. Valve lifts for the case with CAI on. 

As can be noted in Figure 35, there is a severe problem when using CAI. When there is 

CAI, the compression temperature is extremely high compared to the reference. If 

zooming in on -9.75 CA right before ignition, it can be seen that when using CAI, the 

compression temperature is 682 °C, compared to only 498 °C for the reference case. The 

difference in compression temperature is hence 184 °C. This high a compression 

temperature will most likely lead to engine knock, since normally an increase of only 20 

°C could result in knocking.  
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To better illustrate the influence of CAI, all the needed CAI air (74 g for the λ target in 

this case) was injected at BDC by, unrealistically, increasing the CAI valve area. When 

looking at the cylinder temperature curve in Figure 37 at -180 CA (BDC), it can now 

easily be seen exactly when the CAI air has entered the system. The temperature at this 

point has experienced a sudden temperature increase from 37 °C to 117 °C. At the same 

time and location, the pressure increased from 1.10 bar to 3.77 bar. 

 

Figure 37. Temperature change when injecting all CAI air in BDC. 

In the beginning (before the simulations), the belief was that CAI would only decrease 

the total temperature inside the cylinder, since it was thought that the air would expand 

from 30 bar to the pressure inside the cylinder (about 1 bar) and simultaneously cool 

down, making the final total temperature low. According to the simulations, this was not 

the case. An explanation about what is happening inside the cylinder is presented in 

Figure 38, Figure 39, Figure 40 and Figure 41. 
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Figure 38. Temperature increase theory, part 1. 

 

Figure 39. Temperature increase theory, part 2. 
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Figure 40. Temperature increase theory, part 3. 

 

Figure 41. Temperature increase theory, part 4. 

As can be seen in the figures, the air enters the cylinder with 100 % losses through the 

CAI valve. The temperature decreases to sub zero at the valve when flowing through it 

with sonic speed, but when the air has finally entered the cylinder, the temperature has 

risen to the original temperature that it had before the injection. Both the CAI air and the 

air already inside the cylinder gets compressed, making the final temperature much higher 

than first expected. 
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If it is needed to have the exact same compression temperature when using CAI as what 

the reference case has, for the same lift profiles as in Figure 36, there is need to cool down 

the CAI temperature to about -50 °C, according to the simulation in Figure 42. This low 

a temperature may not be needed though, since a couple of tens of degrees higher 

compression temperature than the reference line can be endured without engine knock. In 

reality it would also be very difficult, since new engine component materials would 

probably be needed, due to the ductile/brittle transition behaviours of iron and steel at low 

temperatures. 

 

Figure 42. Needed CAI temperature (light blue line) for same compression temperature as the 
reference case. 

To cool down the CAI air to sub zero °C, a Ranque-Hilsch Vortex Tube could be used as 

a cooling system (Figure 43). A vortex tube is a thermo-fluidic device that generates both 

cold and hot streams when injecting pressurized air into the tube. Depending on the tube, 

the cold and hot stream exit either at the same end of the tube or at opposite ends. When 

the pressurized air is injected tangentially at high velocity into the tube, two streams of 

different temperatures will be generated and exhausted from the tube’s two exits. [26] 
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Figure 43. Vortex tube functionality principle. [26] 

In Appendix A, the size range of vortex tubes made by the company Universal Vortex, 

Inc. is illustrated. As can be seen, the inlet pressure ranges from 44 to 1500 psia (3 to 103 

bar), and the inlet volume flow rate ranges from 0.65 to 18500 SCFM (0.3 to 8732 l/s), 

depending on the tube size. The amount of air around 75 g, injected in the SCE 

simulations in this chapter (for the load step 25 − 75 %), corresponds to a volume flow of 

about 130 l/s, which means that in theory, it would certainly be possible to use a vortex 

tube large enough for this purpose. In an experimental performance study of a vortex tube 

made by Sankar Ram T. and Anish Raj K. [27], the authors stated that as the flow rate 

through the cold end increases, there is simultaneously a decrease in its temperature. 

Universal Vortex, Inc. claims that the cold flow in their vortex tubes can reach a 

temperature as low as -42 °C.  

Advantages with the vortex tube is that it has no moving parts, is small, low in cost, 

maintenance free, and has adjustable cold and hot streams exiting the tube, and would 

therefore in theory be advantageous over a general cooler. There is, however, no clear 

explanation for the thermal separation nor for the flow behaviour in the tube, due to the 

very complex internal flow. The vortex tube remains an interesting technology, for which 

more research is still needed. [26] 
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5.4 Valve Operation Variation 

5.4.1 Timing 

In this subchapter, the effect of injection timing is investigated. The CAI valve has again 

been unrealistically manipulated by changing its valve area, the flow multiplier, and its 

flow coefficients, so that all the needed air enters instantly. The lift profile for this 

injection is such that it opens and closes instantly, without delay. This was done to get 

more freedom in choosing the timing, to get a better understanding of its influence on 

compression temperature and power output. After that, simulations with the realistic CAI 

profile was used to see which timings are possible with today’s CAI valve, now with the 

background information of which theoretically are the most appealing settings. 

By manipulating the CAI valve so that all the needed air entered the cylinder during only 

7 CA (1.6 ms in time), the CAI timing could be chosen so that it opened at various 

locations after the IV closure. The timing ranges were from -235 − -60 CA, in steps of 25 

CA (seen in Figure 44). 

 

Figure 44. Intake valve lift and manipulated CAI valve lifts. 

An overview of the cylinder temperature can be seen in Figure 45. Figure 46 shows the 

effect of CAI timing on compression temperature, pressure, and BMEP. It can be seen 

that the closer the CAI timing is to the BDC (-180 CA), the higher is the final compression 

temperature and pressure, and the lower is the BMEP for that cycle. The reason for the 

high pressure and temperature is that the closer to the BDC the piston is, the lower is the 
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pressure for the gas mixture already in the cylinder, and the greater is the change in 

pressure (and temperature) both for the gas mixture and for the CAI air. The higher the 

compression pressure, the lower is also the BMEP, because with a high compression 

pressure it is heavier for the piston to compress the air–fuel mixture. If assuming that it 

would be possible to inject all the needed air with these lift profiles, Figure 46 shows that 

the later the injection, the better performance and lower compression temperature. The 

compression temperature for the latest timing is even lower than for the reference case. 

The drawback of a late injection is that there is less time for good mixing, so misfiring or 

pre ignition could still occur although the temperature is low. 

 

Figure 45. Overview of cylinder temperature with different manipulated timings. 
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Figure 46. BMEP, temperature and pressure variation with different manipulated timings. 

When varying the timing by using the realistic CAI valve lift profile (Figure 47), it can 

be noted that the cylinder pressure has increased to a value higher than 30 bar (the pressure 

that is in the CAI feeding pipeline) for the latest timing at -170 CA, which means that 

there is back flow into the CAI pipeline. Although the pressure and temperature decrease 

the later the timing is, the BMEP decreases from this point forward (Figure 48), due to a 

certain amount of fuel and air lost into the CAI pipeline. However, when comparing this 

timing of -170 CA to the earliest at -250 CA, there is no significant difference in BMEP 

although back flow has occurred for the former one. The reason is that the later the timing, 

the less air is in the cylinder from the start of the compression stroke, and hence a decrease 

in pumping losses. Back flow of fuel and air into the CAI pipeline is still unacceptable, 

therefore this timing should not be used. 
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Figure 47. Intake valve lift, realistic CAI valve lifts, and cylinder pressure. Back flow into the 
CAI pipeline for the last CAI lift. 

 

Figure 48. BMEP, temperature and pressure variation with different timings. 

5.4.2 Duration 

In this subchapter, the effect of varying the injection duration is investigated. To still have 

the correct λ while decreasing the duration compared to the regular injection duration in 

Figure 36, it was chosen to increase the CAI pressure instead of the area. An increase of 

the pressure would actually be possible in reality, compared to an increase in the valve 

area, since there is almost no free space available in the cylinder head.  
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The realistic lift profile is used for every case in Figure 49, but to get the valve to open 

fully in every case, the total lift duration has been downscaled (by decreasing the angle 

multiplier in GT-Power) for case 1 and 2 (red and dark blue line). This means that the 

opening and closing ramps are unrealistically fast for these two cases. The figure shows 

that the valve lifts have their center point at BDC, and swells from there in both directions 

from a duration of 30 CA (case 1) to 170 CA (case 5). This was done to have a more equal 

mass flow into the cylinder before and after the BDC. 

 

Figure 49. Intake valve lift and CAI lifts, swelling of duration from BDC. 

In Figure 50 the BMEP, temperature and pressure can be seen. When increasing the 

duration, the BMEP increases while the pressure/temperature decreases. The reason is 

that the greater the valve duration, the more even is the CAI. This prohibits the cylinder 

pressure from sinking too low in BDC, giving the least compression of air. At the same 

time, with a duration spanning over both the intake and compression stroke, a smaller 

amount of air has entered before the start of the compression stroke, which decreases the 

pumping losses. However, when looking at the scales in Figure 50, the difference in 

BMEP between the smallest and largest duration is only 0.3 bar, and the difference in 

temperature is only about 11 °C. The duration on its own does therefore not affect these 

quantities in any remarkable way. 
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Figure 50. BMEP, temperature and pressure variation for different durations. 

5.4.3 Rest Gas Blow Out 

Due to the high cylinder temperature, the possibility of lowering the temperature by rest 

gas blow out (RGBO) was investigated. There is usually no overlap between the IV and 

EV lifts in SG engines, which means that there is no automatic flushing of rest gases in 

the cylinder. Therefore the compression temperature becomes hotter, since the gas 

mixture is at a higher initial temperature before the CAI. In this subchapter, only realistic 

profiles were used, and only one case with RGBO was simulated to be compared with the 

regular injection. 

The valve profiles are seen in Figure 51. It can be noted that for the RGBO (thick red 

lines), the CAI valve opens a first time when the EV is still open, and closes 

simultaneously as the EV. The CAI valve then opens again as usual right after the IV 

closure. Since λ became too high at first with CAI + RGBO, the duration of this second 

opening had to be shortened compared to the regular CAI (dashed blue line). 



SINGLE-CYLINDER ENGINE SIMULATIONS 

48 

 

Figure 51. Intake valve, exhaust valve, and CAI valve lifts, both with and without rest gas.  

Table 2 shows the comparison between the two cases in numerical form. As can be seen, 

when using RGBO, 1.3 bar BMEP is sacrificed for a compression temperature decrease 

of only 11 °C. It can also be seen that the amount of rest gas at TDC is much lower for 

RGBO (17.9 %) than for the regular injection (94.8 %), while at combustion start the 

amount is almost the same. Since this model has a very large exhaust gas system volume, 

the back pressure, and therefore the amount of rest gas, has not yet increased. This means 

that the amount of rest gas in the cylinder was not high to begin with, and hence the low 

temperature difference. A greater effect of RGBO will probably be seen if tested on a 

turbocharged MCE with smaller exhaust gas system volume. 

Table 2. Comparison between regular CAI and one with rest gas blow out. 

5.4.4 Miller Timing versus Cylinder Air Injection 

With the regular CAI, the air amount through the valve is about twice as large as the 

amount of air flowing through the IV together with the fuel. In this subchapter, the trade-

off between Miller timing and CAI was investigated. This was done by increasing the 

Quantities Regular injection Rest gas blow out 
Compression temperature, °C 682.1 671.2 
Compression pressure, bar 106.5 102.5 
BMEP, bar 21.4 20.1 
λ, - 2.0 2.0 
EGR+Rest gas at TDC (360 CA), %-mass 94.8 17.9 
EGR+Rest gas at combustion start (710 CA), %-mass 1.8 1.5 
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duration for the IV, which means that the CAI timing became later for every case, and the 

CAI valve’s duration needed to be varied to keep λ constant. The lift profiles for all the 

cases are seen in Figure 52, where lift curves of the same colour belong to the same case. 

In the same figure also pressure is included in the right y-axis, to show that the CAI valve 

is already closed before the cylinder pressure increases over 30 bar, so that no back flow 

occurs.  

 

Figure 52. Several variations between Miller and CAI timings (same colour belong together). 
Also a pressure curve, revealing that no back flow occurs. (E.g. M-85 = Miller -85 CA). 

Figure 53 now shows that the optimum choice regarding both BMEP and temperature is 

the last case, when IV closes at 160 CA before TDC, which is the light brown curve in 

Figure 52. In Miller scale with T-timing, this is a Miller timing of 5 CA. The reason for 

the lower temperature is that most of the air (compared to the other cases) now has entered 

through the IV, which means that not as much air needs to be supplied with CAI, hence 

not as large a compression. This case also gives the highest BMEP, since the air through 

the IV helps push down the piston during the whole intake stroke, and there is not as much 

resistance for the piston on its way up due to such a late CAI. In the future, if it is possible 

to use higher pressurized CAI air, it could be investigated if this trend would continue 

with even later IV closure. As was mentioned in the chapter “Timing” though, the 

problem with late injections is still the decreased available mixing time. 
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Figure 53. BMEP, temperature and pressure variation with different Miller and CAI timings. 

Conclusion 

Due to the explicit time integration method in GT-Power, highly unsteady flow 

behaviours can be analysed with good accuracy when performing simulations. Before the 

SCE simulations though, the CAI valve-object in the model was optimized according to 

results from a 3D-simulation, to give as realistic results as possible. 

When the actual SCE simulations were started, it was quickly noted that the compression 

temperature (for a load step of 25-75% with CAI) was over 180 °C higher than the 

reference case (W10V31SG at 75% steady state). The reason is believed to be the 

compression of both the CAI air and the air–fuel mixture during the CAI, resulting in a 

very high final compression temperature. The CAI air needs to be cooled down to sub 

zero °C temperatures, when using the regular valve timing and duration, to give about the 

same compression temperature as what the reference case has. 

In the simulations that followed, the effect of CAI timing, CAI duration, rest gas blow 

out and Miller versus CAI timing were investigated. The simulations with a short 

injection revealed that the further from the BDC the injection is, the lower is the 

compression temperature, and the higher is the BMEP. However, the later the injection, 

the higher is the risk for a bad mixing. Also for the realistic injection timing, later timings 

bring better results. With too late a timing though, back flow happens, which decrease 

BMEP. 
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The duration variation, with the lift profile’s center point at BDC, did not show any 

significant differences. A longer duration seems to give slightly lower compression 

temperature, since the injection of air is more scattered over a larger time, and hence a 

smaller portion of the air is injected over BDC when the in-cylinder pressure is at its 

lowest. Due to the lower pumping losses, this also gives slightly higher BMEP. 

Rest gas blow out (RGBO) is an injection method that utilises the CAI valve twice during 

the same engine cycle: Once for blowing out hot rest gas during the exhaust stroke, and 

once for the actual injection of air after the IV closure. Due to the SCE’s large exhaust 

system volume however, the rest gas amount had not been built up after the few cycles 

used in the simulations, hence the small difference in compression temperature. On a 

MCE however, where the rest gas amount rapidly increase after a load step, this might be 

a good method for getting rid of the hot residual gas and hence lowering the final 

compression temperature. 

A late IV closure, and hence a late CAI timing, had a large effect especially on the BMEP, 

due to the least pumping losses for the piston. Because a large amount of air now entered 

through the IV, there was not as big a compression occurring when the extra air was 

injected during the compression stroke, and hence there was lower compression 

temperature for this case.
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6 Single-Cylinder Engine Experiment 

To verify that it is possible to take larger load steps with CAI, an experiment on a real 

SCE was done. The chapter begins with the experiment goal. After that it continues with 

preparations made before the test, which mainly were different simulations with GT-

Power. This was done to get an understanding of the problems that may occur, and how 

to solve them. Finally, the test execution, and part of its results, are mentioned. 

6.1 Experiment Goal 

The goal of this experiment on the SCE in Vaskiluoto, Vaasa, is to see whether it is 

possible to take larger load steps with CAI than without it, and if the mixture ignites and 

results in a proper combustion. This is done by first running the engine on a lower load, 

then there is a sudden increase in fuel gas (amount enough for a higher predefined load) 

by increasing the MGV’s duration, and at the same time, CAI is put on to inject the needed 

air for proper combustion at a λ around 2.0. The increased amount of fuel gas and air is 

on for five engine cycles, after that the fuel gas amount returns to its original value and 

the CAI is put off. It is now checked whether there is an increase in BMEP (load step 

successfully taken) or if BMEP drops to zero (load step unsuccessful). If the load step is 

successful, the test is repeated, now with a larger fuel gas amount corresponding to a 

higher predefined load than previously. This is continued until a limit is met. Two tests 

were planned: 

1. 0 – x % 

 Starting point at 0 % load. Sudden increase of the fuel gas amount corresponding 

to a higher load, CAI on. Repeated until limit (x). 

2. 25 – y % 

 Starting point at 25 % load. Sudden increase of the fuel gas amount corresponding 

to a higher load, CAI on. Repeated until limit (y). 

To get an understanding of which load steps are possible in theory (would the only 

limiting factor be the maximum air and gas amount that is possible to inject), simulations 

with the SCE model in Figure 30 was done. The results from the simulations are seen in 

Figure 54. On the x-axis the initial load levels are seen, i.e. the starting load points before 

the load step, which in this case are 0 % and 25 %. The y-axis shows the maximum load 

steps that are possible to take, in theory, from a specific initial load level. The blue line is 
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the maximum load step for a Wärtsilä dual fuel engine (without the CAI application 

installed), as a reference to compare with. As can be seen, if starting from an initial load 

level of 0 %, it could be possible to instantly jump all the way to 59 % load with CAI on 

and maximum fuel gas injected, while the regular engine could only jump to about 32 % 

load. Likewise, if starting from an initial load level of 25 %, it could be possible to 

instantly jump all the way to 80 % load (25 % + 55 %) with CAI on and maximum fuel 

gas injected, while it normally only would be possible to jump to 53 % (25 % + 28 %). It 

could therefore be expected that this SCE could take about a 100 % higher load step than 

the reference from these two initial load levels. 

 

Figure 54. Load steps that may be possible to take with cylinder air injection. 

6.2 Preparatory Simulations 

6.2.1 Gas Pressure 

As can be seen from the gas pipeline system in Figure 55, it has been rebuilt compared to 

the gas pipeline system in Figure 30. Figure 55 is a more realistic representation of the 

actual gas pipeline system for the SCE, since there is a gas pressure regulating valve 

(GRU_valve-1 in figure) between the gas compressor (GRU-1 in figure) and the main gas 

valve manifold (MGV_manifold in figure). From the MGV manifold goes a branch to the 
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MGV, through which the natural gas is injected into the intake port of the cylinder head. 

Both the gas pressure regulating valve (GRV) and the MGV can be seen in the figure. 

 

Figure 55. Realistic gas pressure system. 

On the SCE in Vaskiluoto, the gas pressure on the compressor side (before the GRV) is 

about 11 bar. Between the GRV and MGV, the pressure should be about 2.5 bar higher 

than the charge air pressure, which is after the MGV. This SCE is run so that the receiver 

pressure always is on a constant value, so that at 0 % load the receiver pressure is 1 bar 

absolute (abs) pressure, and at 25 % load the receiver pressure is 2.16 bar (abs). This 

means that the pressure in the MGV manifold is 3.5 bar and 4.66 bar, respectively. The 

gas pressure in the MGV manifold should be as high as possible, so that the highest 

possible gas amount can be injected through the MGV. However, if the gas pressure 

difference over the MGV is higher than 2.5 bar, it may be that the MGV cannot open, due 

to too weak a force in the valve opening mechanism. 

When the load steps are taken, the MGV’s duration is instantly increased to its maximum 

value to let in maximum amount of fuel gas into the cylinder. If the GRV does not open 

at the same time, increasing its area to a new value, the outflow from the manifold 

(through the MGV) will be much higher than the inflow to the manifold (through the 

GRV). This will lead to a gas pressure drop in the manifold, resulting in a lower injected 



SINGLE-CYLINDER ENGINE EXPERIMENT 

56 

fuel gas amount to the cylinder for every injection, and hence a lower BMEP for every 

engine cycle. This can be seen in Figure 56, which shows the BMEP (in red) and the gas 

pressure in the manifold (blue) decrease for every cycle after the load step that starts at 

1.6 s. A gas pressure drop this large is unwanted, since the system becomes too unstable, 

and the experiment results become difficult to interpret. Since the BMEP here is the 

average value of all the BMEP points 720 CA (or 0.16 s) back in time, it does not react 

instantly to the load step. Also, it quickly decreases to negative at 1.75 s, where after it 

rises to the new load level. The drop comes when the piston has to compress the new air 

and gas amount without yet having gained the work from the power stroke. When the 

mixture is ignited in the power stroke, a higher mechanical work than before is produced 

to turn the crank shaft, which increases the BMEP. At time 2.4 s in Figure 56, the engine 

has gone five cycles after the load step, and the BMEP and gas pressure has already 

decreased with almost 3 bar and 1 bar, respectively. 

 

Figure 56. BMEP and gas pressure drop if no increase in GRV area. 

To maintain a gas pressure difference at about 2.5 bar over the MGV, it was simulated 

how much the GRV area needs to be increased at different load steps. Table 3 show the 

needed GRV areas, as well as the MGV and CAI durations. Figure 57 shows the MGV 

duration (in CA) on the y-axis and the GRV area (in mm^2) on the x-axis. It is seen that 

the correlation between the GRV area and MGV duration is linear in both cases. 
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Table 3. Load steps from 0 %, and from 25 %, until a limit is reached. 

 

Figure 57. Correlation between GRV area and MGV duration. 

6.2.2 Cylinder Air Injection System Dimensions 

As was mentioned in the previous chapter 6.2.1 Gas pressure, a stable gas system pressure 

is important, so that the results become easier to understand. This same holds true for the 

CAI feeding system. In this chapter the CAI feeding system’s dimensions are varied, to 

see which dimensions would be preferred. 25 – y % is used as the load step, where 25 % 

is the load starting point, and the load ending point is around 80 %. 
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The CAI feeding system consists of a tank connected with a straight pipeline to the 

engine, where the CAI valve is.  In Figure 58, the tank volume was varied from 100 l to 

900 l for two different pipeline lengths: 5 m and 10 m. The pipeline diameter in this 

simulation was kept constant at 40 mm. Before the load step was taken and CAI was put 

on for five cycles, the pressure in the whole feeding system was 30 bar, and the 

temperature was 35 °C. The CAI valve had maximum duration for all the five cycles. 

 

Figure 58. Varying the CAI tank volume. 

As was expected, the smaller the tank is, the larger is the pressure drop in it after five 

cycles (Figure 58). Also, the pressure drop is larger for the shorter pipeline, since the total 

CAI feeding system volume is smaller with a shorter pipeline, if its diameter is kept the 

same. The pressure drop is almost 5 bar for a tank volume of 100 l and a pipeline length 

of 5 m. Still, λ is kept fairly constant at a value around 2.0 for all cases (2.0 ± 0.09). 

In Figure 59 and Figure 60, the pipeline diameter was varied from 30 mm to 70 mm for 

the same pipeline lengths as in the previous simulation. The tank volume was kept 

constant at 900 l, i.e. the largest tank from the previous simulation was chosen. In these 

figures, both the pressure in the tank and the pressure right before the CAI valve was 

investigated, the values seen on the left y-axis “Pressure [bar]”. On the right y-axis the λ 

is shown. 
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Figure 59. Varying the CAI pipeline diameter, length 5 m. 

 

Figure 60. Varying the CAI pipeline diameter, length 10 m. 

It can be noted that the smaller the pipeline diameter is, the larger is the pipe friction 

losses (and hence the pressure drop) at the CAI valve (red line). Due to the lower pressure 

at the valve, the less air gets injected into the cylinder, resulting in a lower λ. However, it 

seems like everything from a 40 mm pipeline diameter and larger is enough considering 

λ, that should be around 2.0. Since also here the CAI valve duration was set to its 

maximum value for all cases, the λ was almost 2.35 for the pipeline diameter 70 mm. To 

keep λ at around 2.0 during the experiment, the valve duration just has to be shortened 

somewhat, would a large pipeline diameter be used. The large valve duration is also the 
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reason for the slight drop in tank pressure (blue line) for the larger pipeline diameters, 

since so much more air moves from the tank into the cylinders. 

6.2.3 Cylinder Air Injection Compression Temperature 

To be able to take larger load steps until a limitation, it was thought about decreasing the 

CAI temperature to lower the final compression temperature, and hence increase the 

margin to engine knock. The experiment was done in the time of year with outside 

temperatures of around 0 °C, so the idea was therefore to put the whole tank outside. After 

having the tank outside for some time, the air content in the tank would finally be around 

0 °C at 30 bar pressure. Cooling with seawater would not have contributed with any 

further gains, since its temperature is a little warmer than 0 °C. To cool down the air more 

than to 0 °C, some special cooler would have been needed. This could e.g. have been a 

cooler that uses liquid nitrogen, or a vortex tube in combination with a cooler.  

In the end, due to limited time, the CAI tank had to be stationed inside, and no cooling 

advice could be used. It was therefore simulated how much higher the compression 

temperature would be, when the tank is inside, for two different test cell temperatures: 60 

°C (if it is very hot in the cell) and 35 °C (more normal temperature). These compression 

temperatures were compared with the compression temperature that would have resulted 

from a CAI temperature of 0 °C, and also with the reference case of a W10V31SG at 

steady state 75 % load without CAI. Figure 61 illustrates the difference in compression 

temperature (and pressure) among the different cases, and Table 4 shows the exact values.  
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Figure 61. Decreased compression temperature and pressure with colder CAI air (λ kept at a 
value of 2.0 in all cases). 

Table 4. Exact compression temperature and pressure values for different CAI air temperatures. 

Figure 61 shows that both the temperature and pressure decrease the lower the CAI 

temperature is. Table 4 shows that if the test cell temperature is normal (35 °C), the 

compression temperature would be 73 °C higher than what it would have been had the 

tank been outside and the whole CAI feeding system was 0 °C. Compared to the reference 

case though, a CAI temperature of 0 °C would still bring an increase of 83 °C in 

compression temperature, which certainly would decrease the margin to engine knock 

and/or pre ignition. 

6.3 Experiment 

6.3.1 Procedure 

The actual experiment was done on 22-23 March, 2016. The purpose was to do the tests 

earlier, but due to accidentally broken wires after a reassemble of the CAI valve, the tests 

0

20

40

60

80

100

120

0

100

200

300

400

500

600

700

60 °C 35 °C 0 °C Ref *

P
re

ss
u

re
 (

b
ar

)

Te
m

p
e

ra
tu

re
 (

°C
)

CAI temperature

COMPRESSION TEMPERATURE 
AND PRESSURE

Temperature, °C Pressure, bar

Compression Quantities CAI Temperature 
60 °C 35 °C 0 °C Ref * 

Temperature, °C 689.5 654.3 581.5 498.4 
Pressure, bar 116.1 111.8 102.9 79.9 
* W10V31SG without CAI 



SINGLE-CYLINDER ENGINE EXPERIMENT 

62 

had to be postponed until this before mentioned date. SCE specifications are shown in 

Table 5. 

Table 5. Engine specifications. 

Except from the timing of the intake valve closure (TIVC), all the other values in Table 

5 were constant during the tests, independently if the starting load point was at 0 % or at 

25 %. When starting from 0 % load, the TIVC was -60.6°aBDC, i.e. the Miller timing 

was -60.6 CA. For the starting point of 25 %, the Miller timing was larger, with a value 

of -64.3 CA. The actual SCE is seen in Figure 62 to the left, while the CAI tank is seen 

in the same figure to the right. The pictures are taken during different points in time, 

therefore the CAI tank installation is not seen in the SCE picture to the left. 

Engine type W31SG SCE 
Nominal speed 750 rpm 
Engine load 600 kW/cyl 
BMEP 29.7 bar 
Fuel Natural gas, Methane Number 90-95 
Turbocharger - 
Compression ratio 11.7:1 
Main gas valve Woodward SOGAV 105 insert 
CAI valve Starting air valve 
CAI tank volume 250 l 
CAI tank pressure 25 bar 
CAI pipeline diameter 40 mm 
Spark timing 10°bTDC 
MFI gas timing 350°bTDC 
CAI valve timing 270°bTDC 
TEVO 28.2°bBDC 
TIVO 2.8°bTDC 
TEVC 6.9°aTDC 
TIVC 0% load: -60.6°aBDC,  

25% load: -64.3°aBDC 
Receiver pressure (p3) 0% load: 0.20 bar (g),  

25% load: 1.16 bar (g) 
Back pressure (p5) 0% load: 0.20 bar (g),  

25% load: 0.60 bar (g) 
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Figure 62. The single-cylinder engine (left) and the CAI tank beside the engine (right) in 
Vaskiluoto, Vaasa. 

In practice, a total of 73 test points were run for the two load step cases of 0 – x %, and 

25 – y %. First of all, a suitable steady state starting point was chosen for both load cases. 

For the 0 – x %, a starting point at 4.0 % load was chosen. For the 25 – y %, the 

corresponding point was at 24.6 % load. After that some reference runs were run, to get 

something to compare with, in which there were only a sudden increase in gas amount 

without any CAI. Now the actual loading tests could be started, with both CAI and an 

increase in gas amount. These tests were run for the following CAI durations: 

 10000 us, 

 15000 us, 

 20000 us, 

 25000 us, and 

 30000 us. 
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For every increase in CAI duration, also an increase in the MGV duration was possible, 

since there was more air in the cylinder. There was no need to do any special control 

functionality for increasing the flow through the MGV and GRV simultaneously, since 

the PID controller for the GRV was fast enough anyway. 

Each test point consisted of 300 engine cycles, during which three sets of engine loading 

took place. Figure 63 illustrates the engine loading for one of the reference cases without 

CAI (taken from the data processing program AVL Concerto), with a belonging table 

containing explanations about the programmed test sequence (Table 6). The test sequence 

divided the 300 cycles into several segments, each containing a predefined amount of 

cycles. The amount of cycles in each segment could then be adjusted in between the test 

points. The first 90 cycles (not seen in the figure) were normal steady state cycles before 

the sequence started. After these 90 cycles, there were 10 “Pre cycles”, which were 

preparatory cycles before the CAI valve opening. After this a varying amount of “Flush 

cycles” were used (usually 10-20 cycles), where only the CAI valve opened without any 

increase in MFI duration. The purpose of the Flush cycles was to flush the CAI pipeline 

of warm air before the actual loading cycles. After this came 10 “Steady state cycles”, 

where the system got time to get stabilized before the 5 “Execution cycles”, which were 

the just mentioned actual loading cycles, where both CAI and an increased MFI duration 

were used, resulting in a higher power output. During the experiment, it was looked at 

IMEP instead of BMEP, which can be calculated by 

 𝐼𝑀𝐸𝑃 = 𝐵𝑀𝐸𝑃 + 𝐹𝑀𝐸𝑃,  (7) 

where IMEP is the indicated mean effective pressure, BMEP is the brake mean effective 

pressure, and FMEP is the friction mean effective pressure, all in the unit bar. FMEP is 

typically about 2 bar on these kind of engines. 

Finally, there were 10 “Post cycles” after the Execution cycles. Arrows from each cycle 

segment in the table are pointing on Figure 63, to clarify their place. 
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Table 6. Programmed test sequence for the test points. 

Name Amount Explanation 
Pre cycles 10 Preparatory cycles before the CAI valve opening 
Flush cycles [Varying] CAI on, no MFI increase, in an attempt to decrease air 

temperature in CAI pipeline 
Steady state cycles 10 Cycles between the flush and execution cycles, for the 

system to reach steady state 
Execution cycles 5 CAI on, MFI increase  IMEP increase, actual load step 

for five cycles 
Post cycles 10 Post cycles after one test point set 

 

Figure 63. Illustration of a test point, with steady state cycles and sudden load increases. 

6.3.2 Results Analysing 

A large amount of data could be analysed with AVL Concerto. Figure 64 and Figure 65 

show the cylinder pressure before and during the Execution cycles, respectively, for a 

reference case without CAI. In the figures, “Psce” is the cylinder pressure trace, and 

“Pcomp” is the calculated compression pressure trace. By comparing the figures, it can 

clearly be seen that the cylinder pressure increase during the Execution cycles, which 

gives a larger IMEP.  
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Figure 64. Pressures inside the cylinder before load step. 

 

Figure 65. Pressures inside the cylinder during load step. 

Since there were not any mass flow measurement devices for the CAI and MGV valves, 

the actual mass flow was unknown. Neither was there any temperature measurement 

device in the cylinder, so the compression temperature was also not known. However, 

because of the different compression pressure curves when using CAI (not seen in Figure 

64 and Figure 65), all the mass flows and the compression temperature could be estimated 

by using GT-Power. This was done by tuning the SCE model in Figure 30 to match the 

settings for the real SCE, and then by varying the CAI duration in the SCE model until 

the compression pressure (at -9.75 CA) gave the same value as the measured compression 
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pressure. After that the HRR curves from AVL Concerto were put into the SCE model, 

to give the same kind of combustion as for the real SCE. Now the MGV duration could 

be varied until the SCE model gave out the same IMEP as what the real SCE did. All this 

was done for different test points using different CAI durations. The optimization was 

mainly performed with the “Direct Optimizer” tool in GT-Power. For the reference case 

with no CAI there was naturally no CAI duration to vary, but after running the SCE model 

with the tuned settings, it gave a compression pressure very close to the measured 

compression pressure. 

When having tuned the SCE model to give the same compression pressure as the 

measured one, the compression temperature could directly be read from GT-Power. By 

also retrieving the CAI and MGV durations from GT-Power for some selected cases, the 

cumulative air and gas mass could be estimated for the rest of the test points. Figure 66 

shows how much gas mass that entered the cylinder for different MFI durations. Figure 

67, on the other hand, shows the amount of air through the IV in red, and the air through 

the CAI valve in orange. From this figure it can be seen that the air mass from the IV is 

almost constant (the charge air pressure is constant during the test points), while the air 

mass from the CAI valve increases with higher duration, hence giving a higher 

compression pressure in the cylinder (x-axis). The λ could now be calculated by the use 

of equation (1), which in this case also can be written as 

 𝜆 =
(

𝑚𝑎𝑖𝑟,𝑡𝑜𝑡
𝑚𝑓𝑢𝑒𝑙 𝑔𝑎𝑠

)

16.93
,  (8) 

where 𝑚𝑎𝑖𝑟,𝑡𝑜𝑡 is the total air mass through both the IV and CAI valve, and 𝑚𝑓𝑢𝑒𝑙 𝑔𝑎𝑠 is 

the fuel mass through the MGV. The value 16.93 is the stoichiometric air–fuel ratio for 

the natural gas used in this test. 
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Figure 66. Gas amount for different MFI durations. 

 

Figure 67. Air amount for different CAI durations, increasing compression pressure (on x-axis) 
for larger durations. 

The purpose was to have a valve lift measurement for the CAI valve, to see the profile 

shape, the valve opening, and the valve closing, during the experiment. Unfortunately, 

the measurement device broke down already in the beginning of the experiment, before 

any test points had been taken. This means that it was unknown how the CAI valve 

behaved during the whole experiment. Although the CAI duration had been varied to 

finally give the correct compression pressure in GT-Power, this does not mean that this 

CAI duration in GT-Power corresponds perfectly to the actual CAI duration. It only 
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means that the CAI duration in GT-Power gave the correct amount of air into the cylinder, 

independently of the duration. To get an idea of the CAI valve behaviour, without any 

valve lift measurement, it was needed to look at the CAI air pressure in the pipeline, right 

before the CAI valve. It is important to know the duration of the actual CAI valve, to 

know exactly for how long the valve is open in reality when using a duration of e.g. CAI 

30000 us. Figure 68 shows the CAI air pressure before the CAI valve (red line), and the 

electrical signal (brown line), for a part of an engine cycle. It can be seen that the original 

pressure in the pipe is about 26 bar for this test point, but at ~-240 CA, the pressure starts 

to decrease, indicating that the CAI valve has started to open. At ~-185 CA the pressure 

starts to stabilize, which means that the valve now is about fully open. At ~-85 CA the 

pressure starts to increase, indicating that the valve has started to close, and at ~-50 CA 

the pressure has stopped increasing, indicating that the valve is fully closed. From ~-50 

CA and forward, the pressure is oscillating somewhat before it gradually stabilizes again 

on the 26 bar level. 

 

Figure 68. Air pressure before the CAI valve (red line) and the electrical signal to its solenoid 
(brown line). 

When looking at the electrical signal to the CAI valve solenoid in Figure 68, it can be 

noted that there is a delay between the start of the signal and the valve opening (30 CA), 

and between the end of the signal and the valve closing (50 CA). The time for the opening 

Fully 
closed 
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and closing ramps also varied somewhat depending on the test point. Due to these delays 

and variations, the real valve duration could not be calculated exactly by knowing that 

the duration was 30000 us, since this only was the duration for the electrical signal. 

Therefore, the CAI pressure had to be checked for every test point of concern, to get the 

real duration. The electrical duration (in CA) can be calculated by the equation 

 𝐶𝐴𝐼 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛 =  
((

𝑛∗𝑡

60
)∗360)

1∗106 ,  (9) 

where 𝑛 is the engine speed, and 𝑡 is the valve duration (in us).  

Conclusion 

The goal of the whole experiment was to get answers to two questions: 

1. Will the mixture ignite and result in a proper combustion after CAI? 

2. How large load steps (difference in IMEP) can be taken with this additional CAI 

valve? 

The plan for realising the experiment goal was to first test 0 – x % (starting point 0 % 

load, then load steps as high as possible), and then to test 25 – y % (starting point 25 % 

load, then load steps as high as possible). 

Many preparatory simulations were done with GT-Power to prepare for the experiment 

and get an understanding of the phenomena that could occur. These were i.a. how large 

load steps that could be taken in theory, what happens if there is no cooperation between 

the MGV and GRV, which kind of tank and piping dimensions that are profitable to use, 

and the significance of the CAI air temperature. 

In the experiment during 22-23 March, 2016, a total of 73 test points were run. Due to the 

programmed test sequence that had been done beforehand, the settings for the test points 

could easily be varied by changing the amount of cycles for different segments. When the 

experiment was ready, the GT-Power model could be tuned so that the compression 

pressures, and then the IMEP values, corresponded to those for the actual SCE. In this 

way, much more information about the test points could be obtained. The compression 

temperature could be derived from GT-Power, as well as the air and gas amount, which 

means that λ could be calculated.
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7 Conclusion 

Cylinder direct air injection was invented by Rudolph Diesel, in his attempt to blast the 

fuel into the cylinders by using compressed air. Other, more recent tests, has shown that 

highly pressurized CAI gives the lowest engine speed drop and recovering time compared 

to other air supply methods during instant load steps. In this thesis, the use of a starting 

air valve for the CAI was investigated. To smoothly take a large instant load step however, 

there needs to be proper combustion conditions in the cylinders. To investigate the in-

cylinder mixing, CFD simulations for CAI with 30 bar air pressure were done, and 

compared to older CFD simulations with direct injection of gas with 5.7 bar gas pressure. 

The mixing with 30 bar injection pressure gave better results, but differences among the 

three simulated cases could be seen. 

Simulations with GT-Power showed that the compression pressure and temperature got 

very high during CAI, due to compression of both the CAI air and the air–fuel mixture. 

The air expands with 100 % losses while flowing through the CAI valve, resulting in no 

temperature decrease when in the cylinder. Therefore, the CAI parameters need to change, 

and the air in the CAI system needs to be cooled down. According to GT-Power 

simulations, a CAI not close to the BDC gave the lowest compression temperature, since 

this caused the least expansion and compression of air–fuel mixture. Regarding the 

BMEP a late CAI, preferably in combination with no Miller timing for the IV, gave the 

best results, due to the least pumping losses. Rest gas blow out could be needed on a MCE 

that experiences a more rapid back pressure build up, by utilisation of the CAI valve. 

The preparatory GT-Power simulations before the experiment indicated that the flow 

through the MGV and GRV should increase simultaneously, to give the least gas pressure 

drop in the MGV manifold. A large CAI tank and pipeline diameter would give the least 

air pressure drop in the CAI system. In the end though, a CAI tank with a volume of 250 

l, and a pipeline diameter of 40 mm, were chosen. The loading tests with increased MFI 

duration were run for several CAI durations, and due to the flexible programmed test 

sequence it was easy to change the test point settings. By tuning the GT-Power SCE 

model to the actual results, much additional information was gained, like e.g. compression 

temperature, air and gas masses through the valves, and lambda. Due to broken 

measurement device the CAI valve lift was unknown, but the air pressure measurement 

before the CAI valve could be looked at instead, to determine the CAI valve duration. 
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The study of CAI, by means of GT-Suite simulations, CFD and engine testing, provided 

useful knowledge for further design and development of this air supply method. To 

improve the loading capability with this method further, the air pressure needs to be 

increased, since it is not possible at the moment to increase the starting air valve in the 

cylinder head. To get the lowest compression temperature possible, while keeping the 

power output high, the simulations show that no Miller timing for the IV, opening of the 

CAI valve during the compression stroke (last case simulated in 5.4.4 Miller Timing 

versus Cylinder Air Injection), and cooling of the injected air would be beneficial. If it is 

known when the loading is about to start (e.g. for a load controlled engine in an EPP), 

flushing of the pipeline could be used. A vortex tube in combination with a cooler could 

also do the job.
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APPENDIX 1 (1/1) 

 

Appendix 1: Snapshot from Universal Vortex, inc.’s webpage 

(21.1.2016). 

Source: http://www.universal-vortex.com/ 

 

 

 

 

 

 

 

 

 

 

 

 


