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Abstract: Exhaust gases generated during combustion in diesel engines are harmful to the environment. Therefore, carbon-free fuels
have attracted attention as alternative fuels to achieve decarbonization goals. In this study, a system was developed to supply ammonia,
a carbon-free fuel for diesel engines, from a urea—water solution (UWS). The generation of ammonia in the combustion chamber was
verified when the UWS was injected into the intake system using a device supplying the UWS to the selective catalytic reduction
system, which is used to reduce nitrogen oxides in diesel engines. The experimental results revealed that ammonia was generated at
the compression temperature by motoring at 900 rpm without firing. Compared to the maximum compression pressure of the combus-
tion chamber when only air was compressed, the maximum compression pressure when the urea—water solution was added decreased
by 0.17%. By measuring the ammonia concentration in the exhaust gas pipe, an average of approximately 103 ppm was emitted. This
value was estimated to be approximately 2.4% of the theoretical amount of the sprayed urea—water solution. In the future, we plan to
develop a greenhouse-gas-reduction technology for diesel engines using a urea—water solution by investigating the effective solution
injection and increasing the ammonia conversion rate.
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Nomenclatures carbon monoxide, and particulate matter are generated during in-
complete fuel combustion, whereas carbon dioxide is generated
a Aqueous . . .
4 q from complete combustion. Nitrogen and sulfur oxides are also
BDC Bottom dead center . . . .
generated during the combustion process. Strict regulations on
CAD Crank angle degree .
& g these harmful substances have been imposed, except for carbon
CcoO Carbon monoxide . . .
dioxide. However, with the emergence of severe climate change,
CO(NH2)2 Carbonyl diamide, Urea . .. o
regulations on carbon dioxide emissions have recently been
CcO carbon dioxide . . . .
? strengthened. The 80™ Marine Environment Protection Commit-
Gas . . . .
& tee of the International Maritime Organization established a
HNCO Isocyanic acid . .
4 greenhouse-gas-reduction strategy to be implemented by 2050
1 Liquid . o .
q and expressed a strong commitment to decarbonization. The im-
NH Nitrogen trihydride, Ammonia . . . . .
’ g Y portance of alternative fuels is being emphasized to achieve de-
TDC Top dead center L . L
carbonization goals, and attempts to decarbonize the shipping in-
UWS Urea water solution

dustry are expected to continue.

. Among alternative fuels used for decarbonization, ammonia
1. Introduction i i o ]
is a carbon-free fuel that does not emit carbon dioxide during

Exhaust gases generated during combustion in diesel engines . . . .
& & & & combustion. Thus, ammonia has attracted attention as a fuel with

contain six types of harmful substances. Unburned hydrocarbons,
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the potential of minimizing greenhouse gas emissions [1]-[6].
Ammonia has a lower flame speed than other fuels [1] but re-
quires additional safety systems owing to its toxicity and corro-
siveness. Infrastructure and safety devices are required to ensure
the safe handling and storage of ammonia, which incur additional
costs. Therefore, a medium that can safely supply ammonia to
diesel engines can play a significant role in achieving decarbon-
ization by using ammonia as fuel. In this study, we conduct ex-
periments and numerical analyses using a urea—water solution
(UWS), which is easy to handle and store and can be converted
into ammonia. The composition of the UWS is similar to that of
an aqueous ammonia solution, but it poses no explosion risk dur-
ing storage, making it easy to handle and usable in a liquid form.

A selective catalytic-reduction (SCR) system based on exhaust
gas post-treatment technology is used to reduce nitrogen oxides
emitted from diesel engines. The SCR system uses urea as the
reducing agent. During the reduction process, the UWS injected
into the exhaust gas is hydrolyzed by high heat to generate am-
monia, and nitrogen oxides are converted into nitrogen and water
by ammonia. Various studies have been conducted on urea hy-
drolysis in SCR systems. Payri et al. [7] and An and Kim [8] in-
vestigated the spraying behavior of urea in SCR. Ku et al. [9]
experimentally determined the conversion rate of urea into am-
monia in an exhaust pipe and found that the conversion rate in-
creased by approximately 30%-40% for the exhaust gas at
250 °C compared to that at 210 °C. Habchi et al. [10] found that,
when the injection speed of the UWS was low, the conversion
rate increased to 80% at 400 °C. Because the ignition point of
diesel oil is approximately 250 °C, the temperature of the com-
bustion chamber in the compression stroke is significantly higher
than this value, and the temperature in the combustion chamber
increases to that at which the UWS can be hydrolyzed. Therefore,
ammonia can be supplied as fuel through hydrolysis if the UWS
is supplied to the combustion chamber. In this study, a conversion
rate of 2.4% was obtained; this is because the analyzed charac-
teristics differed from those of previous studies in that UWS was
injected into the intake system. The conversion process inside the
cylinder was analyzed, independent of the residence time, tem-
perature profiles, and presence of catalysts. In addition, because
the urea injection method differed from that used in conventional
SCR systems, the resulting distinct conversion process was ex-
amined.

This study proposes a method for using a UWS to supply am-

monia, a carbon-free fuel, to diesel engines. In particular, we
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attempt to experimentally verify whether ammonia could be gen-
erated in the combustion chamber by spraying the UWS into the
intake system using the currently used device for supplying the
UWS to the SCR system. This experiment aims to determine
whether ammonia is produced at the compression temperature
generated by simple motoring. In addition, through numerical
analysis, we aim to create basic data for use in various engines
by comparing the combustion chamber temperature and the
amount of generated ammonia with the experimental values.
The remainder of this paper is organized as follows: Section 2
provides an explanation of the hydrolysis process of UWS. In
Section 3, the experimental methods and numerical analysis are
detailed. Section 4 presents a discussion of the experimental and
numerical analysis results. Finally, Section 5 concludes the study

and outlines directions for future research.

2. Hydrolysis of UWS
The UWS used in the hydrolysis experiment was designed for
automobiles and consisted of 32.5% urea (CH4N20) and 67.5%
water. The process for converting ammonia into a gaseous state

after spraying the UWS is expressed as follows [8].

CO(NH), (aq) = CO(NH)(1) + 6.9H,0(g) (M
CO(NH,), () = NH3(g) + HNCO(g) @
HNCO(g) + H,0(g) = NH3(g) + C02(9) 3)

Equation (1) shows the process of moisture evaporation from
the sprayed droplets of the UWS. One mole of an automotive
UWS is decomposed, producing 1 mol of urea and 6.9 mol of
water. Equation (2) indicates that 1 mol of urea produces 1 mol
of gaseous ammonia and 1 mol of isocyanate via thermal disso-
ciation. Equation (3) shows the process in which 1 mol of iso-
cyanate gas is converted into 1 mol of ammonia and 1 mol of
carbon dioxide through hydrolysis. Ammonia is produced from a
UWS in three steps. Theoretically, when 1 mol of urea is decom-
posed, 2 mol of ammonia is generated. The energy required to
evaporate the UWS is the sum of the energy required for temper-
ature increase and evaporation. The maximum temperature was
determined based on the compression heat resulting from a max-
imum cylinder pressure of 40 bar. Additionally, the conversion
rate to ammonia was calculated based on its molar mass. The
mass flow rate of the UWS measured at a 100% load of the

urea—water injection pump used in this study was 77.5 mg/s. The
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mass flow rate of the intake air was 5,548 mg/s. The conversion
rate into ammonia was calculated using the molar masses of the
materials that comprised the UWS (air: 29, H2O: 18, CO(NH2)2:
60, NHs: 17, and COz: 44 g/mol). The theoretical amount of fully
converted ammonia was calculated to be 4,304 ppm. However,
the amount of ammonia produced based on Equation (3) may be
very small, depending on the surrounding environment [8]. The
timing of the reaction is particularly crucial, and in the absence
of a catalyst, sufficient time must be provided for the UWS to
effectively convert into ammonia.

The thermal dissociation of urea involves a reaction that
breaks down the substance into its components using thermal en-
ergy at high temperatures, whereas hydrolysis converts a com-
pound into another compound through a reaction with water. In
this study, we analyzed the hydrolysis process of the UWS owing

to the presence of water.

3. Methods

3.1 Experimental Method

Figure 1 shows a photograph of the experimental equipment,
and Figure 2 shows its schematic. The diesel engine was a three-
cylinder, naturally aspirated engine, and the intake and exhaust
manifolds were removed to conduct the experiments on the first
cylinder. The diesel engine was then rotated at 900 rpm using a
motor with specifications listed in Table 1.

The engine operated in a cold-flow state, where no combustion
occurred, and was driven by a motor connected to a flywheel.
Consequently, both the fuel-injection system of the experimental

apparatus and the cooling system of the cooling jacket were

Figure 1: Experimental setup of UWS hydrolysis by compression

pressure of diesel engines
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deactivated. This effectively eliminated the external factors that
might influence the compression heat generated by the compres-
sion stroke in the cylinder.

The intake airflow rate was measured using a laminar flow-
meter (LFE-100B; Sokken) to block the UWS injection line. The
mass flow rate was measured at the inlet point of the intake man-
ifold, and the differential pressure of the laminar flowmeter was
monitored using a differential pressure gauge (FCO332, FC). The
average measured flow rate was 5.548 g/s at an engine revolution
speed of 900 rpm. Even when measuring without blocking the
UWS injection line, the results showed a difference of within
0.5%. This value was within the error range of the laminar flow-
meter, indicating that the UWS injection line did not affect the
intake airflow to the experimental engine. The combustion cham-
ber pressure was measured at time intervals of 0.5° of the crank-
shaft angle using a high-pressure sensor (Kistler (6051A). The
measured pressure data were acquired using a data acquisition
system equipped with a piezoresistive amplifier. The injection
angle of the UWS injector was approximately 90°, which has the
disadvantage of spreading significantly compared with the small
exhaust gas diameter. The UWS was continuously sprayed, and
the average amount of sprayed UWS was 77.5 mg/s. The amount
of converted ammonia in the exhaust gas line was measured us-
ing an ammonia meter (ECOM, MK-9000). We aimed to com-
pare the measured amount of converted ammonia with the theo-
retical maximum value of 4,304 ppm calculated in Section 2. To
establish a benchmark for the maximum amount of converted
ammonia that can be obtained in future experiments, we analyzed
the factors influencing the conversion rate and compared the re-
sults obtained under various conditions. The results obtained us-

ing the ensemble average of the data measured over 15 min under

air COmpressor

Pump

air tank

differential
pressure
gauge

Figure 2: Schematic of experimental equipment with the UWS in-

jection system
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identical conditions were used to validate the experimental data.
Measurements were performed after the motor connected to the
flywheel reached a stable rotational speed. The measurements
were conducted in an environment where no external forces

acted.

Table 1: Specifications of tested engine and equipment

Description Specification Unit
Cylinder bore 100 mm
Cylinder stroke 110 mm
Number of the cylinder 3 -
Compression ratio 17.6 -

Type of motor 3 phases with inverter -

Motor revolution 900(variable) rpm
UWS injector hole 6 number
UWS injector injection an- About 90 o

gle

An injector used in automotive SCR systems was employed in
the UWS injection system, featuring a three-hole design, in
which 0.023 g of UWS was injected in a single spray. The pump
was drawn from the UWS tank and supplied the UWS to the in-
jector at a pressure of 6 bar. The injection was started at 338 CAD
and completed at 140 CAD, resulting in a total injection duration
of 0.026 s. Various attempts have been made to prevent UWS
from accumulating in areas other than the cylinder. For example,
the number of holes in the injector have been adjusted for spray-
ing experiments, and visualization of the spray patterns at various
distances have been attempted using photography techniques.
However, the issue of UWS accumulation has not been com-
pletely resolved. Accumulation is expected to occur in the intake
system unless the UWS is directly injected into the cylinder. In
this study, a three-hole injection system, which is the most opti-
mized method for configuring the intake system of the engine,

was used to perform the experiments and obtain the results.

3.2 Computational Fluid Dynamics Analysis Method

The geometries of the intake port, cylinder, and exhaust port
of the diesel engine were modeled and numerically analyzed us-
ing Ansys Fluent. The UWS was injected into the intake valve
zone, assuming that it uniformly mixed with air. Because the
main observation target was the flow inside the cylinder, the in-
take and exhaust ports were created with low-density meshes.
The compression stroke of the cylinder was implemented with a

dynamic mesh, with the number of meshes being 1.8 million at
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the bottom dead center (BDC) and 800,000 at the top dead center
(TDC). The number of meshes was determined through a mesh-
dependency analysis. The mesh dependency was confirmed for
the BDC and TDC meshes to validate whether the cylinder pres-
sure increased owing to the compression stroke. Although rea-
sonable results were obtained at mesh densities of 1.8 million and
higher at the BDC and 400,000 and higher at the TDC, a numer-
ical analysis was performed using 800,000 meshes at the TDC to
implement a dynamic mesh. Table 2 lists the setting conditions
for hydrolysis analysis of the UWS. A volumetric chemical spe-
cies transport reaction model was used for the numerical analy-
sis. This enabled the consideration of interactions within the con-
tinuous phase. The initial and boundary conditions were applied

based on the experimental values.

Table 2: Setting conditions for the computational fluid dynamics

analysis
Description Condition

Viscous SST k-omega

Species Species ”ljranspor?, Volu-
metric Reaction

Mixture Material Urea-Water-Air

Discrete Phase Interaction with Continu-

ous
Solution Scheme SIMPLE
Spatial discretization of Materials | Second Order Upwind

4. Results

4.1 Cylinder Pressure and Temperature

Figure 3 shows a comparison between the experimentally
measured cylinder pressure and the pressure calculated using nu-
merical analysis. In addition, the experimental and numerical
analysis results were compared for cases in which only air and a
mixture of UWS and air entered. The maximum pressure point
was the same for the experimental and numerical analysis. The
maximum pressure point with only air was at 0 CAD, whereas
that with the UWS—air mixture was at 0.5 CAD. The maximum
pressure point with the mixture was higher than that with only air
because the UWS decomposed, and heat was lost in the combus-
tion chamber, resulting in a delayed effect.
In the experiment, the maximum pressure with only air was 40.72
bar, and that with the UWS—air mixture was 40.65 bar. When the
UWS was sprayed, the maximum compression pressure de-
creased by 0.17%. This slight difference is attributed to the heat

absorbed during the UWS decomposition during the compression
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process, which can occur even in the absence of combustion. The
numerical analysis yielded maximum pressure values of 44.19
bar for the air-only intake and 44.04 bar for the UWS—air mixture
intake. The numerical analysis results showed an error that was
8.3% higher than that of the experimental results. The calculation
of the cylinder pressure using numerical analysis has limitations
that make it challenging to obtain accurate results. These errors
arise not only because the numerical analysis model cannot per-
fectly replicate the actual phenomena, but also because of differ-
ences in the physical conditions used to determine the decompo-
sition rate of urea and heat loss at the cylinder walls. The exper-
imental derivation of correction values for numerical analysis can
reduce the discrepancies between the experimental results, im-
proving the results. However, because the timing of the pressure
increase was the same, no problem was assumed to exist in pre-
dicting this trend. Therefore, numerical analyses of the cylinder
temperature and UWS response were conducted.

Figure 4 shows the temperature in the cylinder calculated us-
ing numerical analysis. The temperature in the cylinder propor-

tionally increased with the pressure in the cylinder, reaching a

Experimental Numerical Analysis
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Figure 3: Cylinder pressure results of experiment and numerical

analysis

maximum value of 564.89 °C when only air entered, and up to

564.11 °C when the mixture of air and UWS entered.

4.2 Ammonia Conversion

The calculation results were analyzed using numerical analy-
sis to predict the amount of ammonia converted through thermal
decomposition and hydrolysis of the UWS. Figure 5 shows the
mass fraction of urea converted into ammonia as a function of
the temperature in the cylinder. The UWS started transforming
into ammonia at =31 CAD (331.10 °C). As the ammonia mass
fraction continued to increase and reached 30 CAD as the piston
descended, the temperature reached 329.09 °C, and the UWS no
longer transformed into ammonia.

Figure 6 shows the mass fraction of the UWS at —23 CAD,
the point at which the UWS began transforming into ammonia.
At this time, the temperature in the cylinder was 404 °C. The con-
tour represents the mass fraction of the UWS in the overall sub-
stance. A value of zero indicates the absence of a UWS. During the
compression stroking of the cylinder, chemical reactions occurred

owing to the compression heat, resulting in the generation ofa UWS.
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Figure 4: Cylinder temperature results of numerical analysis
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Figure 7 (a) and (b) shows the mass fractions of the UWS an
d ammonia at 30 CAD, respectively, after which the UWS no lo
nger transformed into ammonia. The numerical analysis results
showed that the UWS converted into ammonia when the temper-
ature in the cylinder was approximately 330 °C or higher. This
temperature value (330 °C) corresponds to pressure of approxi-
mately 13.09 bar in the cylinder. In other words, the UWS is ex-
pected to convert into ammonia when the compression pressure

in the cylinder is approximately 13.09 bar or higher.

Concentration_NH,

—_—

0 10 20 30

time (s)

Figure 8: Concentration of NH3 on exhaust gas line

Figure 8 shows the results of the ammonia concentration
measurements in the exhaust gas line for 1 min. The average
value was approximately 103 ppm, which was only 2.4% of the
4,304 ppm that would theoretically be produced when fully con-
verted. The following three reasons may cause this. (1) Not all
the total mass of UWS injected into the intake line entered the
combustion chamber; only a portion was introduced. The injec-
tion angle of the injected UWS may cause some of the UWS to
settle on the walls of the intake line or manifold. In this study,
the experimental setup was designed to inject the UWS while the
intake valve was open; however, a portion of the UWS settled on
the intake valve. Future research is required to improve the set-
tling amount by optimizing the injection angle of the UWS and
using mixers. (2) A low amount of the UWS thermally decom-
posed into a gaseous form at low temperatures of the intake line.
(3) The reaction time required for the UWS to undergo hydroly-
sis in the combustion chamber was insufficient. In particular, in
case (1), as explained in Section 3, the injection angle is large
compared to the pipe diameter; hence a large amount of urea ac-
cumulates in the pipe, intake port, and valve. Figure 9 shows a
photograph of the elements remaining in the intake port after the

experiment. Therefore, it is necessary to control the injection
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time of the UWS during the opening of the intake valve such that

no amount of the UWS remains in the intake system.

Figure 9: Photograph of the intake port with urea sedimentation

5. Conclusion

In this study, an experiment was conducted to determine
whether ammonia could be generated from a UWS during com-
pression in a diesel engine. It was confirmed that the UWS could
be converted into ammonia by the heat of compression in the cyl-
inder. The results of the experimental ammonia production pro-
cess were compared with those of a numerical analysis. The con-
clusions of this study are summarized as follows.

1. The maximum compression pressure in the combustion
chamber with only compressed air was 40.72 bar. When the
UWS was added, the maximum compression pressure was
40.65 bar. In the case of the UWS—air mixture, the maxi-
mum compression pressure decreased by 0.17% owing to
thermal dissociation.

2. The concentration of ammonia in the exhaust gas line was
determined to be approximately 103 ppm, which was only
2.4% of the theoretical amount of UWS sprayed into the
intake line (4,304 ppm).

In the future, we plan to develop a greenhouse-gas-reduction
technology for diesel engines using a UWS through research on
the effective injection of the UWS and by increasing the ammo-
nia conversion rate. Future research on methods to improve UWS
mixing for facilitated entry into the combustion chamber, ap-
proaches to improve the low ammonia conversion rate, and the

differences in ammonia conversion rates resulting from coupling

with combustion reactions will contribute to decarbonization ef-

forts.
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