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A B S T R A C T   

Ammonia is a carbon-free, promising fuel for hydrogen carriers. It is a liquid fuel under low-pressure conditions 
(8.62 bars) and can be easily stored. Many researchers have tried to apply it in engines because there are no 
carbon dioxide emissions when combusting it. However, ammonia is a low cetane number fuel and is difficult to 
ignite. It can be used in a dual fuel mode in compression ignition (CI) engines, i.e., a fuel such as diesel, n- 
heptane, dimethyl ether, hydrogen etc., is used as a pilot fuel to ignite the ammonia. In this work, n-heptane was 
used as the pilot fuel and ammonia was used as the primary fuel in a light-duty CI engine. The engine’s heat 
release rate (HRR), cylinder pressure, ignition delay and indicated efficiency were investigated experimentally at 
80 %, 89 %, 95 % and 98 % ammonia fuel energy proportion. In order to investigate the ignition and combustion 
characteristics of the dual fuel engine, a multi-zone combustion model for n-heptane and a flame propagation 
model for the ammonia fuel were developed. In this work, it is found that the combustion process of n-heptane/ 
ammonia can be simulated in most cases by a multi-zone evaporative combustion model combined with a flame 
propagation model. This work also found that the ignition performance of n-heptane is more affected by the long 
chemical ignition delay. Eventually, it was found that the more minor the discrepancy between the simulated and 
experimental ignition delays, the more insignificant the discrepancy between the simulated heat release rates and 
cylinder pressures and the experimental ones. The HRR, cylinder pressure, physical and chemical ignition delays 
and indicated efficiency of the engine were then simulated. The simulation showed good agreement with 
experimental results for the 89 %, 95 % and 98 % ammonia fuel energy proportion cases. The simulated physical 
ignition delay was 1.45–2.37 CA deg, the chemical ignition delay was 7.21–8.88 CA deg, and the indicated ef-
ficiency was 39.84%–42.80 % (for the three cases with 89 %, 95 % and 98 % ammonia fuel energy proportions). 
A detailed analysis of each parameter was conducted.   

1. Introduction 

To date, ships in maritime transportation and most vehicles are 
powered by fossil fuels such as petrol and diesel, which produce large 
amounts of greenhouse gases such as carbon dioxide [1,2]. Carbon di-
oxide is a strong driver of the greenhouse effect, causing an increase in 
the earth’s surface temperature, raising sea levels, acidifying the oceans 
and leading to drought and desertification of the land [3,4]. The 
reduction of carbon dioxide and other greenhouse gases is therefore of 
great importance. The European Union was the first major economy to 
declare its contribution to the targeted reduction of greenhouse gases in 
the agreement, i.e., a 40 % reduction of domestic greenhouse gases by 
2030 compared to 1990 [5,6]. In the field of internal combustion 

engines (ICE), the use of carbon-free fuels such as ammonia and 
hydrogen fuels, therefore, becomes particularly relevant, as there are no 
CO2 emissions. Ammonia fuel is one of the most produced chemicals in 
the world and can be produced in a power-to-X process [6]. One of the 
main production methods is the Haber-Bosch process, in which 
hydrogen and nitrogen are reacted with an iron-based catalyst at high 
pressure (300 bar) and temperature (673 K) to produce ammonia fuel 
[1]. Ammonia fuel has some difficulties in ICE applications. For 
example, ammonia fuel is difficult to ignite, and the minimum ignition 
energy (680 mJ) is much higher than that of diesel, gasoline, methanol, 
and ethanol fuels [7]. The low flame speed of ammonia and its corro-
siveness to engines also limit the use of this fuel. In this work, n-heptane 
was used as the pilot fuel and ammonia as the primary fuel in a CI 
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engine. 
In order to investigate the ignition and combustion processes of n- 

heptane and ammonia fuels in engines, combustion modelling is 
essential. Stiesch [8] developed a new multi-zone phenomenological 
combustion model for a diesel engine, including spray dispersion, 
droplet heating and evaporation, droplet and air mixing, ignition delay, 
and a final combustion sub model. Stiesch then selected two engine 
operating conditions for the simulation. The first operation condition 
was with an engine speed of 1500 rpm and a mean effective pressure of 
980 kPa, and the second was with an engine speed of 1500 rpm and a 
mean effective pressure of 2220 kPa. The simulations were in good 
agreement with the experimental results in terms of engine HRR and 
cylinder pressure and thus demonstrated the validity of the multi-zone 
combustion model. Papagiannakis [9] has developed a two-zone com-
bustion model with diesel as the pilot fuel and natural gas as the primary 
fuel. The volume change and the amount of fuel entrained were calcu-
lated in the pilot fuel zone. The flame propagation rate of natural gas 
zone and the amount of fuel burned were calculated. The authors con-
ducted experiments on a single cylinder four-stroke dual fuel engine at 
2000 rpm, 20 %, 40 %, 60 % and 80 % load. The simulated HRR and 
cylinder pressures are in good agreement with the experimental data, 
and the results were analyzed. In addition, the duration of combustion, 
ignition delay and engine efficiency were simulated and analyzed. 
Nadimi [10] has developed a two-zone 1D ammonia/diesel dual fuel 
engine combustion model by applying the target pressure method using 
AVL BOOST software. The model was built with different internal en-
ergies, volume changes etc., in the two zones. The heat loss, enthalpy 
transfer and blow-by loss were calculated using BOOST software. The 
ammonia/diesel dual fuel’s combustion characteristics were analyzed 
using this model. In addition, an experimental study of the ammonia/-
diesel dual fuel engine was carried out. The authors varied the λ value 
from 1.34 to 1.52 for different energy proportions of ammonia and 
diesel fuel (ammonia-diesel energy proportions from 14.9 % to 84.16 
%). A detailed analysis of the indicated thermal efficiency, exhaust 
temperature, cylinder pressure, and HRR was conducted. The results 
showed that the highest ammonia energy proportion was 84.16 %, and 
the highest indicated thermal efficiency was 37.1 %. There is a paucity 
of published literature on the modelling of combustion in dual-fuel 
ammonia engines. The above literature, including ammonia, diesel, 
and natural gas fuel in engine applications, is highly inspiring for the 
n-heptane multi-zone modelling and the ammonia flame propagation 
modelling in this work. 

Experimental research on ammonia-fuelled engines is also vital, as 
the combustion characteristics of the engine can be directly investi-
gated, and, in addition, experimental data can be applied to calibrate the 
model of combustion. Yousefi [11] investigated the effect of diesel split 
injection (two-pulse diesel injection) on the combustion and emissions 
of ammonia/diesel dual-fuel engines. HRR and cylinder pressure were 
studied and analyzed for six cases of diesel split ratio ranging from 0 % 
to 45 %. The indicated thermal efficiency of the engine, CA50, CA10-90 
and N2O emissions were discussed. The experiments showed that 
applying the diesel split injection mode increases the indicated thermal 
efficiency to 39.72 %, which is higher than the diesel-only combustion 
mode (38.62 %). At the optimum operating point, i.e., 40 % diesel split 
ratio (− 57 ATDC for the first injection and − 16 ATDC for the second), 
CO2 emissions were reduced by 23.7 % and the indicated thermal effi-
ciency was increased by 2 % (compared to the diesel-only operating 
mode). Mi [12] has studied diesel as a pilot fuel and ammonia as a 
primary fuel in a compression-ignition engine with 40 %, 50 %, 60 % 
and 70 % ammonia fuel energy fraction. Cylinder pressure and HRR 
were investigated for the engine with injection timings of − 10, − 15 and 
− 20 CA ATDC. The engine’s NOX, CO and NH3 emissions results were 
analyzed and discussed. The results indicated that the pilot injection 
strategy was able to reduce ammonia emissions from 1000 ppm to 8000 
ppm, and this strategy could achieve a high indicated thermal efficiency 
of 45 %. Førby [13] conducted a combustion characteristics and 

emissions study on a light-duty CI engine using n-heptane as the pilot 
fuel and ammonia as the primary fuel. Førby investigated HRR, ignition 
delay, coefficient of variation (COV) and NO emissions at 78 %, 80 %, 
89 %, 95 % and 98 % ammonia fuel energy proportions with an λ of 1.1. 
It was found that the ignition delay tended to increase with increasing 
ammonia fuel energy proportion, ranging from 8.51 to 10.02 deg. The 
highest indicated efficiency was 37.21 %. The combustion efficiency 
gradually increased with the increasing proportion of ammonia fuel. 
Frigo [14] conducted ammonia-hydrogen fuel research on a 2-cylinder 
spark ignition (SI) engine with a displacement volume of 505 cm3. The 
engine used hydrogen fuel as a combustion promoter, which effectively 
improved the ignition performance and the combustion velocity of the 
ammonia fuel. The net heat release of gasoline and ammonia-hydrogen 
fuels was compared at 4000 rpm with λ maintained at 1. The peak of the 
net heat release of ammonia-hydrogen fuel appeared later than that of 
gasoline. The NOx emission concentration of ammonia-hydrogen fuel 
was low, 1700 ppm at full load. The COV was below 10 % in the cases 
with various hydrogen/ammonia fuel energy ratios. Ryu [15] investi-
gated the combustion of ammonia and hydrogen fuels in a four-stroke SI 
engine with a compression ratio of 10:1 at 1800 rpm. The hydrogen fuel 
was derived from the dissociation catalysis of ammonia fuel. The addi-
tion of hydrogen fuel increased the engine power while decreasing the 
exhaust temperature of the engine at various ammonia fuel injection 
durations (10–23 ms). The exhaust temperature of the cases where 
hydrogen fuel was added was about 780◦ Celsius and 820◦ Celsius 
without hydrogen fuel. The cylinder pressure of the hydrogen-fuelled 
case is also higher than the cylinder pressure of the 
non-hydrogen-fuelled case. Brake-specific NH3 emissions were signifi-
cantly lower in the ammonia case with hydrogen addition, about 0.4 
g/kWh, compared to about 2.8 g/kWh in the case without hydrogen 
addition, thus demonstrating the feasibility of ammonia-hydrogen fuel 
combustion in the engine as well as the excellent emission 
characteristics. 

There is considerable previous experimental research on the dual 
fuel of ammonia with other fuels in CI engines and some in SI engines 
[16–18]. Few research studies have been on modelling ammonia with 
other fuels in CI engines. In the present work, ammonia fuel with 
different energy proportions and n-heptane has been investigated using 
a light-duty BUKH engine as experimental equipment. The experimental 
HRR and cylinder pressure, ignition delay, and indicated efficiency were 
investigated in detail. A multi-zone model for n-heptane and a flame 
propagation model for ammonia were established. The multi-zone 
model was calibrated and validated for n-heptane fuels. The HRR, cyl-
inder pressure, physical and chemical ignition delays and indicated ef-
ficiency were simulated and analyzed for deviations. 

2. Experimental setup 

The engine used for the experiments is a modified dual-fuel BUKH 
DV24 ME engine. The pilot fuel is n-heptane, and the primary fuel is 
ammonia. N-heptane burns first to ignite the ammonia fuel. N-heptane is 
chosen as pilot fuel mainly because of its low viscosity (0.57 mm2/s) [13, 
19] and high cetane number (53–56) [20]. The lower viscosity results in 
a faster evaporation process, which shortens the physical ignition delay. 
A higher cetane number shortens the overall ignition delay and im-
proves ignition performance. Although n-heptane produces some pol-
lutants during combustion, this work took n-heptane as pilot fuel (minor 
energy ratio). Therefore, the pollutant’s impact is not significant [21, 
22]. N-heptane is injected into the cylinder via a piezo-electric Siemens 
gasoline direct injection (GDI) injector, which shortens the droplet 
break-up time and thus facilitates n-heptane ignition. However, n-hep-
tane is a non-renewable fuel, so in the long term, it should be replaced 
with renewable fuel, thus ensuring that all energies are renewable. The 
gaseous ammonia fuel is aspirated into the intake manifold driven by the 
vapor pressure of the tank. 
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The schematic diagram of this engine is illustrated in Fig. 1. It con-
sists of two cylinders, one of which is a modified dual fuel (n-heptane 
and ammonia) cylinder and the other is the original diesel fuel cylinder. 
The power of the diesel cylinder ensures stable engine start-up and 
operation. In the dual fuel cylinder, a Kistler piezo-electric pressure 
transducer collects pressure data, which is measured ten times at each 
crank angle degree. A ceramic air heater heats the intake air, and the 
intake air is pressurized by an external air compressor simultaneously. 
Two air flow meters measure the mass flow rate of the ambient and 
heated intake air, respectively. The n-heptane tank is pressurized using a 
nitrogen pressure vessel to ensure an injection pressure of 120 bars. A 
Coriolis mass flow meter is used to measure the consumption of n-hep-
tane. The pressure transducer measures the average cylinder pressure 
over 50 consecutive cylinder cycles, and these data are used to calculate 
the HRR. The photos of the engine are presented in Fig. 2. Table 1 
specifies the engine parameters. 

3. Simulation model 

3.1. Model description 

The model is a phenomenological model of dual fuel combustion (n- 
heptane and ammonia), where pilot fuel (n-heptane) is modelled 
employing a multi-zone model. The multi-zone model was first proposed 
by scholars such as Hiroyasu and Kadota [23,24]. The multi-zone model 
has since been applied and further developed by various scholars such as 
Bazari, Gao, and Kouremenos [25–27]. It is accurate for predicting the 
combustion of CI engines. The n-heptane in the multi-zone model un-
dergoes fuel break-up, atomization, evaporation, mixing, ignition delay, 
and combustion heat release processes. The multi-zone model also in-
cludes a portion of ammonia fuel entrainment, but the ammonia fuel 
combustion is mainly from the flame propagation model. When the 
n-heptane starts to combust, the ammonia fuel is ignited simultaneously. 
At this point, the laminar flame velocity of the ammonia fuel needs to be 
calculated. After that, the turbulent flame speed is calculated based on 
engine parameters such as engine piston speed and compression ratio. 
The mass of the ammonia fuel burning in the cylinder can be further 
determined from the turbulent flame speed. The multi-zone model, 
together with the flame propagation model, enables the calculation of 
the overall HRR, cylinder pressure, physical and chemical ignition 
delay, engine efficiency etc. 

As illustrated in Fig. 3, the multi-zone model of n-heptane comprises 
a number of zones of different colors. These zones are marked hori-
zontally and vertically by j and k, respectively. The zones are divided 
into concentric circular structures. At the time when the n-heptane is 
first injected, the zones are shown in grey in Fig. 3. These zones contain 
only the n-heptane in its liquid state. After that, the n-heptane breaks up 
and becomes fine droplets, which causes a dramatic increase in resis-
tance and a sharp decrease in velocity in the zones of motion. At this 
point, the air in the unburned zone (assuming that the mixture entrained 
is air) is entrained into the different zones according to the conservation 
of momentum. So these blue zones include both air and droplets. After 
the break-up, the droplets evaporate immediately, so the green zones in 
the next stage include air, droplets, and evaporated fuel vapor. As 
evaporation proceeds, the yellow zone consists of more and more of the 
concentrated mixture. When the red zones’ temperature, pressure and 
fuel-to-air equivalence ratio meet certain conditions, combustion be-
gins. The dark yellow zones after combustion comprise the post- 
combustion pollutant and the remaining air or n-heptane. There is no 
exchange of mass or energy between the various zones [8,28]. The 
reason for assuming that there is no exchange of mass and heat between 
the zones was because, ultimately, in order to model the heat release 
rate and cylinder pressure of the whole cylinder. The exchange of mass 
and heat within the zones does not significantly affect the modelling of 
the parameters of the cylinder as a whole, which is equivalent to the 
internal flow of mass and heat. However, after assuming no mass and 
heat exchange, droplet break-up, air entrainment, evaporation, and 
combustion within the zones can be modelled more conveniently and 
relatively accurately. The heat exchange between the zones and the 
cylinder wall has a more significant impact on the simulation of the heat 
release rate and cylinder pressure, so the heat exchange between the 
zone and the cylinder wall is considered here. After the n-heptane has 
started to combust, the pre-mixed ammonia fuel in the cylinder is 
ignited. The turbulent flame of the ammonia fuel begins to propagate 
through the cylinder along the conical spray area. The propagating 
flame will sweep through the volume of the cylinder. The flame prop-
agation speed and the ammonia mixture’s density determine the mass of 
ammonia fuel burned. The blue arrow in Fig. 3 shows the propagation’s 
exact direction. 

Fig. 1. Schematic diagram of the experimental dual-fuel engine set-up.  
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3.2. Pilot fuel injection and ammonia entrainment 

Once the pilot fuel (n-heptane) has been injected into the cylinder, 
the parameters relating to the physical size of its spray are critical. This 
physical size determines the burning rate of the ammonia fuel involved 
in the burn zone. The first parameter to be introduced here is the initial 

spray cone angle [9,27]. 

θ=

(
d2

inj • ρu • Δp
μu

)0.25

(1) 

The pilot fuel of the spray is considered to be steady and consists of a 
number of zones. Here, the spray penetration length is given by the 
following equation [23,29]. 

S= 2.95 •

(
Δpinj

ρu

)0.25

•
̅̅̅̅̅̅̅̅̅̅̅̅
dinj • t

√
(2) 

After the pilot fuel has been injected into the cylinder, a spray is 
formed, which is called the “burning zone”. Since the spray has a certain 
speed, the volume of the spray changes over time. As a result of this 
volume change, the ammonia fuel mixture from other areas of the cyl-
inder is drawn into the burning zone. But at the same time, this burning 
zone also contains the pilot fuel that was first injected. The evaporation 
of pilot fuel will be described in more detail in the following section. The 
volume change of the burning zone is expressed as follows. 

dVb

dt
=

π
3
• tan2 θ •

dS
dt

(3) 

Because the burning zone is continuously expanding and moving, the 
mass of the entrained ammonia fuel can be expressed as the change in 
volume multiplied by the density of the ammonia zone gaseous fuel, as 
shown in Eq. (4). 

Fig. 2. Photographs of the Bukh engine experimental setup: (a) engine main part; (b) pressurized fuel tank; (c) Siemens direct injection GDI fuel injector.  

Table 1 
BUKH DV24 ME specifications.  

Engine parameter Numerical value 

Rated power 17.6 [kW] 
No. of cylinders 2 [-] 
Bore diameter (B) 85 [mm] 
Stroke (S) 85 [mm] 
Connection rod length (L) 160 [mm] 
Geometric compression ratioa (CRg) 18 [-] 
Effective compression ratiob (CRe) 16.4 [-] 
Displacement Volume (Vd) 964 [cc] 
Intake valve close (θclose) 139 [CAD BTDC] 
Exhaust valve open (θopen) 126 [CAD ATDC] 
Engine speed (in this work) 1200 [rpm] 
Piezo-electric injector type Siemens GDI injector 
Injector equivalent diameter 0.34 [mm] 
Injector injection pressure 120 [bar]  

a Ideally designed compression ratio. 
b Compression ratio at which the engine is actually running (such as consid-

ering the effects of valve timing and boosting). 
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dmb

dt
= ρam •

dVb

dt
(4)  

3.3. Pilot fuel break-up and fuel air mixing 

For the process of break-up and evaporation of n-heptane pilot fuel, a 
multi-zone model is used here for the simulation. The burning zone 
described above is divided into different concentric circular zones, 
where the fuel breaks up after a short time when the n-heptane is 
injected. The moment of break-up is when the pilot fuel starts to evap-
orate. Here the time of break-up varies depending on the zones. The 
most peripheral zones have a high air resistance because of the large 
contact area with the ammonia mixture in the cylinder, so the break-up 
time is relatively short. The introduction of the parameter k in the break- 
up time equation below results in different break-up times for different 
zones. 

tbu(j,k) = 28.65
ρf • dnoz

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ρSOI
(
pinj − pSOI

)√
(kmax + 1) − k

kmax
(5) 

The speed of the spray varies considerably before and after the n- 
heptane fuel is broken-up. Before the break-up, the fuel velocity is fast. 
After the break-up, however, the air resistance increases instantly 
because the fuel becomes fine droplets. As a result, the velocity de-
creases sharply. Especially in the zones at the periphery of the spray, the 
velocity decreases more rapidly because of the greater resistance in all 
zones. N-heptane velocities before and after break-up are expressed as 
follows [28,30]. 

vinj = 0.6 •

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2(pinj − pSOI

)

ρf

√

(6)  

v(j,k) = 1.48

((
pinj − pSOI

)
dnoz

2

ρSOI

)1
4

•
1
̅̅
t

√ • e(− 3.86•10− 2•(k− 1)2) (7) 

At the moment the n-heptane breaks up, the velocity of the zones 
decreases dramatically. Therefore, according to the principle of con-
servation of momentum, the air is instantly entrained into the zones 
because of the reduced velocity (it is assumed that the entrained mixture 
is air, as the pilot fuel has relatively less mass, so the small amount of 
entrained mixture is assumed to be air at this point). 

m0(j,k) = c0
vinj mf (j,k)

v0(j,k)
(8) 

After the n-heptane breaks up, the air is also continuously entrained 
into the zones. The exact amount of air entrainment is calculated as 
shown in Eq. (9). c0 and cmix may be required for calibrated of any 
engine. 

ṁentr(j,k) =
ṁf (j,k)vinj − cmixmj,kv̇j,k

vj,k
(9)  

3.4. Evaporation of pilot fuel 

The evaporation process of pilot fuel determines the process of its 
combustion and the ignition delay. This is because the ignition delay is 
directly related to the air-fuel equivalent ratio in the zones. The air-fuel 
equivalent ratio is directly related to the amount of pilot fuel evapo-
rated. Before the droplet evaporation, the Sauter Mean Diameter (SMD) 
of the fuel after the break-up needs to be determined. After that, the 
droplet temperature rate of change, the convective heat transfer rate of 
change and the mass rate of change are calculated. The evaporation 
process is based on the Borman and Johnson model [31]. 

D0(j,k) = 23.9 • 10− 6Δp− 0.135
inj ρ0.12

a B0.131 (10)  

Ṫd(j,k) =
1

md(j,k)cp,f

(
Q̇d,(j,k) + ṁd,(j,k)Δhevap

)
(11)  

Q̇d(j,k) = π • D0(j,k) • ks(j,k) •
(
Tg(j,k) − Ṫd(j,k)

)
•

z
ez − 1

• Nu(j,k) (12)  

ṁd,(j,k) = − π • D0(j,k) • DAB • ρs(j,k) • ln

(
pcyl

pcyl − pv(j,k)

)

• Sh(j,k) (13) 

When modelling the evaporation of n-heptane droplets, some spe-
cific formulas and the thermal properties of the droplets are involved. 
These detailed formulas affect the entire evaporation process. Table 2 
presents this specific information. 

3.5. Ignition delay 

Ignition delays include physical ignition delay and chemical ignition 
delay. Physical ignition delay refers to the process of fuel breaking up, 
atomization, evaporation and mixing with air. Chemical ignition delay 

Fig. 3. Axisymmetric illustration of the n-heptane multi-zone model and the flame propagation model of ammonia fuel.  
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refers to the period between the chemical decomposition of n-heptane 
and the rapid chemical reaction leading to combustion. In this section, 
we focus on chemical ignition delay. The chemical ignition delay is 
predicted using a semi-empirical formula. Then, the ignition delay is 
calculated based on the transient temperature, pressure, and n-heptane 
air equivalent ratio in the cylinder. The effect of entrainment of 
ammonia mixture into n-heptane is taken into account when calculating 
ignition delay, as ignition delay is more sensitive to ammonia fuel. 

Ignition delay can significantly affect the combustion process. If the 
ignition delay is long, a large amount of n-heptane gas will accumulate 
during the ignition delay, resulting in a large share of the premixed 
combustion phase and a small share of the mixing-controlled combus-
tion phase. Conversely, if the ignition delay is short, there will be a small 
share of the premixed combustion phase and a large share of the mixing- 
controlled combustion phase. 

Ignition delay is an essential parameter in engine operation. Because 
it affects the type of combustion, which in turn affects the cylinder 
pressure, it also significantly impacts engine emissions. The ignition 
delay is given in Eq. (14). 

τid(j,k) =A

(
p

pref

)− κ

∅(j,k)
− β exp

(
Et

T(j,k)

)

(14) 

The cylinder’s temperature, pressure and fuel-air equivalent ratio are 
varied in real-time. In order to express the effect of this varied real-time 
variable on the ignition delay, the inverse of Eq. (14) is integrated. When 
the result of the integration is greater than or equal to 1, then com-
bustion begins. This is shown in Eq. (15). 
∫ τid

0

1
τid(j,k)

dt = 1 (15)  

3.6. Flame propagation 

After the n-heptane combusts, it is assumed that a flame is generated 
simultaneously on the outer side of the entire conical region of the pilot 
fuel. This flame will propagate in a direction perpendicular to the outer 
surface of this region. The propagation direction is shown by the blue 
arrow in Fig. 3. The flame propagation sweeps through a certain volume, 
and the swept volume multiplied by the density of the ammonia fuel is 
the mass of the ammonia fuel burned due to the flame propagation. In 
practice, the flame thickness of the laminar flame is about 0.2 mm, but 
this thickness is much less compared to the dimensions of the cylinder, 
so it is negligible here [32]. The velocity of the laminar flame is directly 
related to the fuel-air equivalent ratio of the ammonia fuel, the cylinder 
temperature, and the cylinder pressure. Here, the flame velocity is 

considered only for the flame velocity of the ammonia fuel and is not 
added to the conical area movement velocity of the pilot fuel. The 
laminar flame velocity is calculated with respect to the flame reference 
velocity, temperature, and pressure exponents [33]. The reference ve-
locity calculation is based on the maximum combustion velocity at the 
reference temperature and pressure and the fuel-air equivalent ratio. 
The temperature and pressure exponents, on the other hand, are 
calculated independently of the fuel type. The specific laminar flame 
velocity calculation process is described in Eqs. (16)–(18) [33,34]. 

vl = vref
(
Tu
/

Tref
)α( pu

/
pref
)γ (16)  

vref = vref ,max + s1(∅ − 1.1)2
+ s2(∅ − 1.1)3 (17)  

α= 2.18 − 0.8(∅ − 1) (18)  

γ = − 0.16 + 0.22(∅ − 1) (19) 

The combustion process of an engine is turbulent. In expressing 
turbulence, a flame coefficient of turbulence is required, which is related 
to the compression ratio of the engine, the engine speed, and the density 
of the burned and ammonia zones in the cylinder, among other factors. 
This coefficient is the ratio of the turbulent combustion velocity to the 
laminar combustion velocity. This is expressed in Eq. (20) [35–37]. 

ff =
vt

vl
= 1 +

(
CR
8

)a(ρam

ρb

)1
2
(

0.5
vP

vl

)1
2

(1− exp (−
Rf

cBcyl
)) (20) 

The turbulent flame propagates perpendicular to the conical jet zone 
and will sweep over the zone inside the cylinder. The change in swept 
area multiplied by the speed of the turbulent flame is the change in 
swept volume. The change in swept volume multiplied by the density of 
the ammonia fuel is the mass of the ammonia fuel burned. This is shown 
in Eqs. (21) and (22) [38]. 

dVb,fl

dt
= vt •

dA
dt

(21)  

dmb,fl

dt
= ρam •

dVb,fl

dt
(22)  

3.7. Temperature in the different zones 

The zones of the cylinder include multiple zones of pilot fuel and 
ammonia fuel zone. The temperature of the pilot fuel zones affects the 
ignition delay and the evaporation of the n-heptane. This, in turn, has a 
significant impact on the subsequent combustion. After ignition, the 
zone temperature influences the heat transfer from the different zones to 
the cylinder wall, piston top and cylinder head. The temperature of the 
ammonia fuel zone is used to calculate the heat transfer in this zone and 
to provide inputs for later ammonia pollutant modelling. The energy 
conservation law and the ideal gas law are used to derive the zone 
temperatures. The specific temperature equations are shown in Eqs. (23) 
and (24). 

Ṫ (j,k)=
− Q̇d(j,k)+ṁevap(j,k)hsat+Q̇HR(j,k)+ṁentr(j,k)ha − Q̇loss(j,k) − ṁ(j,k)h(j,k)+V(j,k)ṗ

m(j,k)
(
cv,(j,k)+RBP(j,k)

)

(23)  

Ṫam =

∑
ṁentr,SP(uam − ham) − Q̇loss,am − RTamṅam + Vamṗ

(
mamcv,am + Rnam

) (24)  

3.8. Heat transfer model 

Woschni correlation is a heat transfer model that is now widely used 
and considered relatively accurate. The heat transfer part here involves 
the cylinder wall, the cylinder head and the top of the piston, each part 
of which is calculated separately. The heat transfer zones in the cylinder 

Table 2 
Parameters of thermodynamic properties for droplet modelling.   

n-Heptane Unit 

Δhevap 319.7 [kJ/kg] 
pv ln Pv = 12.12767 −

6738.9067
(T − 167.44)

[Pa] 

DAB 0.0000014 [m2/s] 
cp,f 1980 [J/(kg • K)] 
Nu Nu = 2+ 0.6Re1/2 Pr1/3 [− ] 
Sh Sh = 2+ 0.6Re1/2Sc1/3 [− ] 
Re Re =

0.3ρvD
μ 

[− ] 

Pr Pr =
Cpμ
k 

[− ] 

Sc Sc =
μ

ρ • DB 
[− ] 

z 
z =

cp,v • ṁf ,v

π • D • ks • Nu 
[− ] 

ρs 

ρs =

(
pcyl

RFPTFP
+

pv

Rf Tf

)

2  

[kg/m3]  
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include the multi-zones of pilot fuel and the ammonia-fuel zone. The 
calculation of the area of the different heat transfer parts and the 
calculation of the heat transfer coefficient in the Woschni formula are 
expressed in the following equations and Table 3. 

Q̇loss =
∑N

1
Aihw

(
Tg − Twall,i

)
(25)  

hw = 0.00326 • B− 0.2
cyl • p0.8 • T − 0.55 • w0.8 (26)  

Q̇loss(j,k) = Q̇loss
m(j,k)T(j,k)
∑

m(j,k)T(j,k)
(27)  

3.9. Calculation of HRR and cylinder pressure 

The HRR is a highly significant parameter of an engine, which affects 
the engine’s combustion type. The type of combustion further influences 
the efficiency and emissions [39]. The HRR is additionally used to 
calculate the cylinder pressure. When calculating the HRR, there are 
four parts. The first two parts are the heat released from the combustion 
of n-heptane, including the premixed and diffusion combustion parts. 
The third part is the expanding area of the n-heptane spray, which will 
continuously entrain a portion of the ammonia fuel into the expanded 
n-heptane spray area, which will be combusted after the n-heptane fuel 
is ignited. The fourth part is because of pilot-fuel combustion. The 
ammonia fuel is ignited. The flame propagation of the ignited ammonia 
fuel sweeps through the ammonia fuel mixture, which in turn, releases 
the heat of the ammonia fuel. This makes up the last part of the HRR. 

The amount of fuel combusted during premixed and diffusion com-
bustion of n-heptane is calculated according to the following rules. 
During the current simulation time step of the zone, if there is enough air 
in the zone to burn the fuel (calculated from the air-fuel equivalent 
ratio), then all evaporated fuel will be burned. If there is an excess of 
evaporated fuel in the zone, then the amount of fuel to be burned is 
calculated based on the amount of air available at that time, and the 
amount of fuel is limited by the amount of air available. Furthermore, a 
trigonometric function is used to hamper the HRR at the beginning and 
end of the combustion process [40]. This is shown in Eqs. (28) and (29). 

Q̇HR,p(j,k) = y • LHVn • min
(

mv,SOC(j,k)

Δtp
,
ma,SOC(j,k)

/
AFstoic

Δtp

)

(28)  

y=
π

2Δθ
sin
(

π θ − θ0

Δθ

)

(29)  

In the diffusion-controlled combustion calculation, diffusion combus-
tion is assumed to occur concurrently with premixed combustion. The 
fuel vapor amount and droplet evaporation rate during diffusion com-
bustion are intimately related. During diffusion combustion, the amount 
of n-heptane vapor and air in the zone are shown in Eqs. (30) and (31). 

mv,diff (j,k)(t)=mv(j,k)(t) − mv,p(j,k)(t) − mv,diff ,con(j,k)(t) (30)  

ma,diff (j,k)(t) =ma(j,k)(t) − ma,p(j,k)(t) − mv,diff ,con(j,k)(t) • AFstoic (31) 

Therefore, the HRR for the diffusion part of the combustion can be 
calculated using Eq. (32). 

Q̇HR,diff (j,k) = y • LHVn • min
(

mv,diff (j,k)(t)
Δtdiff

,
ma,diff (j,k)(t)

/
AFstoic

Δtdiff

)

(32) 

The total of four parts of HRR is calculated as shown in Eq. (33). 

Q̇HRR =
∑j•k

1

(
Q̇HR,p(j,k) + Q̇HR,diff (j,k)

)
+ LHVammo •

(
dmb

dt
+

dmb,fl

dt

)

(33) 

Once the HRR has been determined, the rate of change of cylinder 
pressure can be calculated. When calculating the rate of change of cyl-
inder pressure, it is assumed that the pressure in all cylinder zones is 
uniform [23]. The heat losses are calculated using the Woschni formula 
described earlier. The specific heat parameters are obtained using the 
instantaneous average cylinder temperature from the Cantera software. 
The cylinder pressure is given in Eq. (34). 

ṗ=

(
cp
cv
− 1
)

Vcyl
(Q̇HRR − Q̇loss) −

cp

cv

p
Vcyl

V̇cyl (34)  

4. Results and discussion 

4.1. Simulation results of the multi-zone model 

The Dual-fuel engine combustion model contains two parts, a multi- 
zone combustion model for the n-heptane and a flame propagation 
model for the ammonia. The multi-zone model determines the ignition 
delay of the overall combustion model. This, in turn, affects the subse-
quent flame propagation timing of the ammonia and, thus, the amount 
of ammonia fuel burned in an instant. Also, the multi-zone model con-
tributes a portion of the overall heat release. In order to verify the 
effectiveness of the multi-zone model simulation, an experiment with n- 
heptane mono-fuel was carried out for the BUKH engine. The specific 
experimental operating parameters are listed in Table 4. The experi-
mental cylinder pressure data were obtained, and the HRR was calcu-
lated. The n-heptane HRR curve and cylinder pressure were then 
simulated by the multi-zone model. 

By observing the HRR in Fig. 4, the timing of the start of combustion 
(SOC) for the experimental and simulated curves fits well (SOC is 
determined to be at local minimum [41]), so the model has a good 
agreement on the ignition delay. The model also predicts generally well 
in terms of premixed combustion phases with crank angles of − 5 to 5. 
However, at crank angles of 3–5◦, it can be noticed that the HRR of the 
model is slightly higher than the experimental one. This is related to the 
fact that the evaporation rate of the simulated n-heptane droplets is 
somewhat faster than the actual one. In the subsequent 
mixing-controlled combustion phase, the simulated and experimental 
curves are in good agreement. The simulated cylinder pressure curve in 
Fig. 5 deviates somewhat from the experimental curve between crank 
angles 5 to 40. This is related to the misprediction of the specific heat 
parameters and the heat losses in the cylinder. (Obtained by model 
calibration and observation of parameters) Overall, the multi-zone 
model provides a good prediction of the combustion process for 
n-heptane. 

4.2. Discussion of model and experimental results 

This section contains four experiments with ammonia fuels at 80 %, 
89 %, 95 % and 98 % energy proportions. The n-heptane and ammonia 
fuels were scaled by the level of energy contribution in the experiments. 
The energy proportion was varied by adjusting the injection flow rates of 
the n-heptane and ammonia fuels in the experiments. According to 
previous studies, the overall air/fuel equivalence ratio (λ) was kept 
constant in the experiment at 1.10 due to the high indicated efficiency at 
this λ value [13]. The start of injection (SOI) of 20 CAD BTDC was also 
chosen because of the high indicated efficiency of the engine at this 

Table 3 
Area calculation and temperature estimation for different heat transfer 
components.   

Area (Ai) Temperature (Ti) 

Cylinder head A1 =
π
4
Bcyl

2 T1 = 500 ◦C 

Piston top A2 = A1 T2 = 300 ◦C 
Cylinder liner A3 = x(θ)π Bcyl T3 = 100 ◦C  
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injection timing. In these cases, the combustion processes of ammonia 
fuel with different energy proportions were simulated and experimen-
tally investigated. The specific engine operating parameters are listed in 
Table 5. 

Fig. 6 illustrates the case of a 20 % proportion of n-heptane and an 
80 % proportion of ammonia fuel. The experimental HRR (Fig. 6 (b)) 
shows a diesel-like combustion process. But in reality, this is a combined 
combustion process of dual fuel. There is a pronounced peak at the 
beginning of the experimental curve, followed by a mixing-controlled- 
like combustion process. The pronounced peek is most likely the result 
of pilot-fuel combustion. The subsequent heat release is caused by the 
flame propagation of the ignited ammonia fuel. In this case, the 
ammonia mixture has a λ of 1.38, which is a relatively lean mixture 
compared to the other cases. The leaner mixture has a slower flame 
speed (the highest flame speed is around 0.91 of the λ value) and 
therefore results in a slower rate of change in the volume of the ammonia 
mixture swept by the flame. This, in turn, leads to a lower HRR in the 
combustion phase of the ammonia fuel in this case compared to the 
other cases. Another reason could be that the higher amount of n-hep-
tane is not beneficial to the combustion of the ammonia fuel. 

From the simulated HRR, the simulated curve deviates somewhat 
from the experimental curve. The ignition delay is most noticeable, with 
the experimental ignition delay being 8.51 deg compared to the simu-
lated ignition delay of 9.62 deg. The significant deviation in ignition 
delay results in a late simulated HRR peak for pilot fuel. The relatively 
large amount of n-heptane vapor accumulates during the ignition delay, 
resulting in a slightly larger peak for this simulation. Because of the late 
prediction of the ignition delay, the ammonia fuel is also ignited at a 
delayed time. This results in a large amount of delayed combustion of 
the ammonia fuel, so the simulated HRR in the 10–40 crank angle range 
is higher than the experimental HRR. The simulated cylinder pressure in 
Fig. 6 (a) is also higher than the experimental cylinder pressure, which is 
mainly due to the larger HRR predicted by the simulation (the simulated 
cylinder pressure is calculated from the simulated HRR) and the inac-
curate prediction of the specific heat parameters. 

From the experimental HRR in Fig. 7 (b) (89 % energy proportion of 
ammonia fuel), there is a clear peak at the beginning, as in the case of 80 
% ammonia fuel energy. Here it is still considered to be resulting from n- 
heptane combustion. However, this peak is relatively low due to the 
reduction of the n-heptane energy proportion from 20 % to 11 % in this 
case. The other reason is that the ignition delay is slightly shorter in this 
case, so less n-heptane vapor accumulates in this period, resulting in a 
lower peak. The subsequent phase is the HRR of ammonia fuel com-
bustion, where the HRR values are higher than in the 80 % case. This is 
mainly due to the increased energy proportion of ammonia fuel. In 
addition, because the λ of the ammonia mixture is 1.25 in this case, the 
flame propagation speed is higher than in the 80 % case (λ is 1.38). 
Therefore, the burning amount of the ammonia fuel in the same time 
span is increased, which also leads to a higher HRR. 

Table 4 
Specific parameters for the BUKH engine operating n-heptane fuel.  

RPM Air/fuel equivalence ratio λ 
[− ] 

Charge air temperature Tch 
[k] 

Injection timing BTDC 
[deg] 

Injection duration 
[deg] 

Ignition Delay τid 
[deg] 

Charge air pressure Pch 
[bar] 

1200 3.00 318 10 5.77 6.1 1.068  

Fig. 4. Experimental HRR of n-heptane and HRR curve from multi-zone 
model simulation. 

Fig. 5. Experimental cylinder pressure of n-heptane and cylinder pressure 
curve from multi-zone model simulation. 

Table 5 
Specific parameters for the BUKH engine operating n-heptane/ammonia dual-fuel.  

Ammonia energy 
proportions [%] 

Air/fuel 
equivalence ratio 
(ammonia) λNH3 [− ] 

Air/fuel 
equivalence ratio 
(overall) λ [− ] 

Charge ammonia 
mixture 
temperature Tch [k] 

Injection 
timing BTDC 
[deg] 

Injection 
duration 
[ms] 

Ignition 
Delay τid 
[deg] 

Charge air 
pressure Pch 
[bar] 

RPM Total fuel 
energy [J] 

80 1.38 1.10 353 20 0.43 8.51 1.225 1200 1290 
89 1.25 1.10 353 20 0.25 8.09 1.201 1200 1203 
95 1.16 1.10 353 20 0.16 8.77 1.204 1200 1190 
98 1.11 1.10 353 20 0.09 10.02 1.208 1200 1205  
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The simulated HRR in Fig. 7 (b) has a slight deviation in ignition 
delay from the experimental one, which is less than the deviation for the 
80 % ammonia fuel case. From the simulated HRR, an insignificant peak 
of n-heptane combustion can be seen (lasting until about 4◦ of crank 
angle). The simulated HRR of the subsequent combustion phase of the 
ammonia fuel is higher than the experimental HRR. One reason is the 
ignition delay deviation, so the ammonia fuel is burned later. The other 
reason could be that the simulated flame speed of the ammonia mixture 
is too fast. Thus, more simulated ammonia fuel burns quickly, resulting 
in a high HRR. The cylinder pressure deviation in Fig. 7(a) is for the 
same reason as in the 80 % ammonia fuel case and will not be repeated 
here. 

Fig. 8 shows the case of combustion with a 5 % energy proportion of 
n-heptane and a 95 % energy proportion of ammonia fuel. As can be seen 
from the experimental HRR in Fig. 8 (b), a small peak of n-heptane 
combustion can be observed in the range of approximately − 7◦ of crank 
angles (due to the small energy proportion of n-heptane), followed by 
the combustion of the ammonia fuel. There are three reasons for the 
higher HRR of the ammonia mixture in this case compared to the 80 % 
and 89 % ammonia fuel cases. The first reason is the large energy pro-
portion of the ammonia fuel in this case, i.e., 95 % of the ammonia fuel. 

The second reason is that the flame propagation is faster at this λ value 
(1.16) compared to the previous two cases, so more ammonia fuel 
combusts in the same time-lapse. The last reason could be that the λ 
value is further reduced in this case (richer mixture) compared to the 
previous two cases, and the richer ammonia mixture is more favorable 
for ammonia combustion and thus have a higher HRR for the ammonia 
phase. 

From the simulated HRR of Fig. 8 (b), there is a small deviation 
between the simulated HRR and the experimental one, so the overall 
simulated HRR fits well. The simulated HRR is slightly higher than the 
experimental HRR from 3 to 18◦, for the same reason as the previous two 
cases, because of the ignition delay deviation. From 18 to 40◦, the 
simulated HRR is lower than the experimental one. One reason for this is 
that the simulated turbulent flame speed may be slower than the actual 
flame speed. The second reason is that the simulated heat loss is larger 
than the actual heat loss, so the simulated HRR is too low. Overall, 
however, the simulated HRR, in this case, has a small deviation. Fig. 8 
(a) shows a lesser deviation in-cylinder pressure than the previous two 
cases for the same reason and will not be repeated here. 

Fig. 9 shows the last case, i.e., 2 % energy proportion n-heptane and 
98 % energy proportion ammonia fuel. From the experimental HRR, 

Fig. 6. (a) Simulated and experimental cylinder pressure curves and (b) Simulated and experimental heat release rate curves under the condition of energy pro-
portion of 80 % for NH3. 

Fig. 7. (a) Simulated and experimental cylinder pressure curves and (b) Simulated and experimental heat release rate curves under the condition of energy pro-
portion of 89 % for NH3. 
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there is a quite insignificant peak at a crank angle of − 6◦, most likely due 
to the combustion of the n-heptane. After that, it goes to the HRR phase 
of the ammonia fuel. The ammonia fuel phase, in this case, has the 
highest HRR. The reasons for this high HRR are the same as in the 95 % 
ammonia proportion case. That is, the high proportion of ammonia 
energy, the fast flame propagation speed (at the current λ value of 1.11), 
and in this case, the richer ammonia mixture will be more favorable for 
its combustion. The above reasons lead to the highest ammonia HRR in 
this case. 

The simulated HRR of Fig. 9 (b) shows that it has only a slight de-
viation from the experimental ignition delay. So, the overall simulated 
HRR and the experimental HRR are in good agreement. However, in the 
15–40 crank angle range, the simulated HRR is lower than the experi-
mental HRR. Probably because the simulated flame propagation speed is 
too slow, and the predicted Woschni heat transfer loss is larger than the 
actual value, as in the previous case. As can be observed from Fig. 9 (a), 
because of the slight HRR deviation, the cylinder pressure deviation for 
the simulation, in this case, is also small. 

By observing these four cases, the experimental HRR for each case 
consists of an n-heptane combustion peak and a subsequent ammonia 
combustion phase. As the energy proportion of the ammonia fuel in-
creases, the HRR values for its combustion phase become larger and 
larger. This is closely related to the energy proportion of the ammonia 
fuel, the flame propagation speed, and the richness or leanness of the 
ammonia mixture. In terms of the simulated HRR, as the ammonia fuel 
proportion increases, the ignition delay deviation between the experi-
mental and simulated HRR becomes smaller, and the overall HRR 
simulation becomes better. In addition, there is always a certain devi-
ation of cylinder pressure between experimental and simulated, but this 
deviation also becomes smaller and smaller as the ammonia fuel pro-
portion increases. The main reason is that the decreasing deviation in 
simulation HRR leads to the decreasing deviation in cylinder pressure. 

4.3. Discussion and analysis of ignition delay 

Fig. 10 illustrates that the experimental and simulated ignition 

Fig. 8. (a) Simulated and experimental cylinder pressure curves and (b) Simulated and experimental heat release rate curves under the condition of energy pro-
portion of 95 % for NH3. 

Fig. 9. (a) Simulated and experimental cylinder pressure curves and (b) Simulated and experimental heat release rate curves under the condition of energy pro-
portion of 98 % for NH3. 
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delays show the same trend. As a whole, increasing the energy propor-
tion of ammonia fuel increases the ignition delay (there is a slight 
decrease in the ignition delay for the 89 % ammonia energy proportion 
case). It is believed here that increasing the proportion of ammonia 
prevented the oxidation process of n-heptane, thus increasing the igni-
tion delay. It is also possible to consider the cetane number of the two 
fuels, which is an important parameter to measure the ignition perfor-
mance of a fuel. The higher the cetane number, the better the ignition 
performance. N-heptane has a cetane number of approximately 56, 
while the cetane number of ammonia fuel is negligible [42,43]. When 
the energy proportion of ammonia fuel increases, a higher proportion of 
ammonia is mixed with n-heptane, which leads to a lower cetane 
number in the overall mixture, resulting in a longer ignition delay. From 
the ignition delay simulation results for these four cases, the deviations 
for the 80 % and 89 % ammonia fuel cases are more significant than 
those for the 95 % and 98 % cases. This is likely to be related to de-
viations in the evaporation of the n-heptane from the multi-zone simu-
lations, resulting in a deviation in the fuel/air equivalence ratio from the 
actual value (Equation (14)) and hence the eventual ignition delay 
deviation. 

Physical ignition delay refers to the period by which the n-heptane is 
injected from the injector, and undergoes break-up, atomization, evap-
oration and mixing with the ammonia mixture in the cylinder [44,45]. 
Chemical ignition delay refers to the period between the chemical 
decomposition of n-heptane and the rapid chemical reaction leading to 
combustion. Typically, the chemical ignition delay is longer than the 
physical ignition delay. As can be observed in Fig. 11, the physical 
ignition delay in all four cases decreases as the proportion of ammonia 
fuel energy increases. This is because the ammonia fuel mixture inhaled 
into the cylinder is at a higher temperature of 353 K. As the ammonia 
fuel energy proportion increases, the temperature inside the cylinder 
also rises simultaneously. The higher the cylinder temperature, the 
better the n-heptane atomization, evaporation, and mixing process, so 
the physical ignition delay tends to be shorter. The chemical ignition 
delay shows that in the 80 % and 89 % ammonia energy proportion 
cases, it remains more or less the same. In the 95 % case, there is a slight 
increase, and in the 98 % case, there is a significant increment. This is 
due to the poor ignition performance of the ammonia fuel affecting the 
ignition capacity of the n-heptane and ammonia fuel mixture. According 
to Hardenberg and Hase’s formula, the activation energy of ammonia 
fuel is 27,273 J/mol while the activation energy of n-heptane is 8417 
J/mol (higher activation energy means that more energy is required to 
enable the fuel to ignite, and thus the chemical ignition delay is longer) 

[46]. As the proportion of ammonia energy increases, more ammonia 
fuel is mixed into the n-heptane mixture, so the activation energy of the 
blend as a whole is higher, and therefore the chemical ignition delay is 
more prolonged. This is particularly evident in the 98 % ammonia case. 
It is also clear from the four cases that the chemical ignition delay is 
always significantly longer than the physical one. 

4.4. Discussion and analysis of indicated efficiencies 

Fig. 12 presents the indicated efficiencies for the experiments and 
simulations for the four cases. The experimental indicated efficiencies 
show that as the proportion of ammonia fuel energy increases, the 
indicated efficiency also increases. This can be explained by the CA50 in 
Fig. 13, which reflects the share of heat released from the fuel on the 
utilization of the engine compression ratio. The earlier the CA50, the 
greater the share of the heat energy utilized by the engine compression 
ratio. The later the CA50, the smaller the share of the heat energy uti-
lized by the engine compression ratio, which reduces the part of the 

Fig. 10. Experimental and simulated total ignition delay for different cases of 
ammonia fuel energy proportion. Fig. 11. Simulated physical and chemical ignition delay for different cases of 

ammonia fuel energy proportion. 

Fig. 12. Experimental and simulated indicated efficiencies for different cases of 
ammonia fuel energy proportion. 
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cylinder expansion converted from heat to work, thus reducing the 
indicated efficiency [47,48]. CA50 is also highly sensitive to the heat 
loss of the cylinder. The later the CA50, the higher the heat loss of the 
cylinder [49]. 

The 80 % ammonia fuel case in Fig. 13 has the latest CA50, followed 
by the 89 % case and then the 95 % case, with the earliest CA50 being 
the 98 % case. So the 80 % ammonia fuel case has the lowest indicated 
efficiency, and the 89 %, 95 %, and 98 % ammonia fuel cases have 
progressively higher indicated efficiencies. The simulated 80 % 
ammonia case in Fig. 12 has a certain deviation compared to the 
experimental case. This is due to the cylinder pressure deviation caused 
by the HRR and ignition delay deviation in this case and, therefore, the 
eventual deviation in the indicated efficiency. 89 %, 95 %, and 98 % 
ammonia cases have less significant deviations in the indicated effi-
ciency also due to the cylinder pressure deviation. From the analysis of 
the simulation results, it can be concluded that if the simulated ignition 
delay and HRR fit the experimental data better, the better the simulated 
cylinder pressure fits the experimental data, which ultimately leads to a 
smaller deviation in the simulated indicated efficiency. In Fig. 12, the 
curve trend of the indicated efficiency of the experiment is increasing, 
while the curve trend of the simulation is decreasing and then 
increasing. This is due to the deviation of the simulated indicated effi-
ciencies for the 80 % and 89 % ammonia fuel cases, where the simulated 
ignition delays and HRRs are somewhat deviating from the experimental 
results, which leads to deviation in the simulated cylinder pressures. The 
deviations in the simulated cylinder pressures then lead to deviations in 
the simulated indicated efficiencies (the indicated efficiencies were 
calculated based on cylinder pressures and cylinder volume changes), 
thus changing the trend of the curve. 

5. Conclusion 

This work investigated the light-duty BUKH compression-ignition 
engine with n-heptane as the pilot fuel and ammonia as the primary 
fuel through experimental and simulation methods. The multi-zone 
combustion model for n-heptane and the flame propagation model for 
ammonia fuel were developed based on the summary of the previous 
research. The multi-zone model has been calibrated by means of 
experimental cases with n-heptane fuel. Experiments with n-heptane 
and ammonia fuels of different energy proportions were carried out on 
the BUKH engine. The experimental data were then compared with the 
model results, and the overall model was then calibrated. The experi-
mental and simulated HRR, cylinder pressure, ignition delay, and indi-
cated efficiencies were analyzed and discussed in detail.  

1. In this work, it was found that the combustion process of a dual-fuel 
engine can be simulated by combining a multi-zone model for n- 
heptane and a flame propagation model for ammonia fuel. Among 
them, the evaporative combustion multi-zone model of pilot fuel is 
quite accurate in conducting model validation. It was found that the 
higher the proportion of ammonia fuel, the lower the simulation 
deviation of heat release rate and cylinder pressure. For example, the 
simulation results for the case with 98 % ammonia fuel energy ratio 
are better than the case with 80 % ammonia fuel energy ratio. The 
critical reason for this result is related to the accuracy of the pre-
diction of the mass burn rate of ammonia fuel.  

2. This work found that the lesser the difference between the simulated 
and experimental ignition delay, the better the simulation of heat 
release rate and cylinder pressure. In the four cases of 80 %, 89 %, 95 
% and 98 % ammonia fuel energy ratio, the deviations of the simu-
lated ignition delay to the experimental ignition delay are 1.11, 0.97, 
0.38, and 0.31, respectively. The decrease in the ignition delay de-
viation resulted in the reduction of the deviation in the simulated 
heat release rate and cylinder pressure. This was because the lower 
ignition delay deviation ensured the proper prediction of the 
ammonia fuel mass burning rate, which led to the reduction of the 
deviation. It was also found that the chemical ignition delay of n- 
heptane is always much longer than the physical ignition delay. If the 
ignition performance of n-heptane is intended to be improved, its 
chemical ignition delay should be the priority. 

3. Several reasons that lead to deviations in simulations and experi-
ments were found. These factors included ignition delay, heat losses, 
specific heat parameters, and flame speed, which offered a hint for 
future modelling improvements. 
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Nomenclature 

A Ignition delay parameter (− ) Area (m2) 
a, c Constant coefficients (− ) 
B Injected fuel volume per cycle (m3) 
Bcyl Cylinder bore (m) 
c0 Air entrainment tuning coefficient (− ) 
cp Specific heat at constant pressure (J/kg • K) 
cv Specific heat at constant volume (J/kg • K) 
cmix Air entrainment tuning coefficient (− ) 
D Sauter Mean Diameter (μm) 
DB Mass diffusivity (m2/s) 

Fig. 13. Experimental CA50 for different cases of ammonia fuel en-
ergy proportion. 
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d Diameter (m) 
DAB Binary diffusion coefficient (m2/s) 
Et Activation temperature (K) 
ff Flame coefficient of turbulence (− ) 
h Enthalpy (J/kg) 
hw Heat transfer coefficient (W/m2 • K) 
k Thermal conductivity (W/m • K) 
m Mass (kg) 
n Amount of substance (mol) 
Nu Nusselt number (− ) 
Pr Prandtl number (− ) 
p Pressure (Pa) 
Q Heat transfer (J) 
R Molar gas constant (J/mol • K) 
Re Reynolds number (− ) 
Rf Flame radius (m) 
S Penetration length (m) 
s1, s2 Fitting parameters (− ) 
Sh Sherwood number (− ) 
Sc Schmidt number (− ) 
T Temperature (K) 
t Time (s) 
u Specific internal energy (J/kg) 
v Velocity (m/s) 
V Volume (m3) 
w Characteristic velocity (m/s) 
z Correction factor (− ) 
Δh Latent heat (J/kg)  

Greek symbols 
α Temperature exponent (− ) 
γ Pressure exponent (− ) 
θ Initial spray angle (radian) 
θ Crank angle position (radian) 
κ,β Ignition delay parameters (− ) 
λ Air/fuel equivalence ratio (− ) 
μ Dynamic viscosity (N • s/m2) 
ρ Density (kg/m3) 
τ Ignition delay (s) 
∅ Fuel/air equivalence ratio (− )  

Subscripts 
a Air 
am Ammonia-air mixture 
ammo Ammonia 
b Burning zone 
bu Breakup 
cyl Cylinder 
con Consumed fuel 
d Droplet 
diff Diffusion combustion 
evap Evaporation 
Entr Entrained air 
f Fuel 
ff Flame coefficient of turbulence (− ) 
fl Flame 
FP Fuel packets 
g Gas phase 
HR Heat release 
HRR Heat release rate 
inj Injection 
i Heat loss parts 
id Ignition delay 
j Axial packet index 
k Radial packet index 
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l Laminar 
loss Heat loss 
max Maximum 
N Total number of heat loss parts 
n n-heptane 
noz Nozzle 
p Piston 
p Premixed combustion 
ref Reference state 
s Surface conditions 
sat Saturation condition 
stoic Stoichiometric 
t Turbulent 
u Unburned zone 
v Vapor phase 
0 Initial state  

Abbreviation 
AF Air-fuel ratio 
ATDC After top dead center 
BP Burning packet 
BTDC Before top dead center 
CA Crank angle 
CA50 Crank angle at 50 % completion of heat release 
CI Compression ignition 
COV Coefficient of variation 
CR Compression ratio 
HRR Heat release rate 
ICE Internal combustion engine 
LHV Lower heating value 
RPM Revolutions per minute 
SI Spark-ignition 
SOC Start of combustion 
SOI Start of injection 
SP Spray penetration 
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