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ABSTRACT

When the deposited particles in DPF is oxidized, diesel fuel is injected to the diesel oxidation catalyst (DOC) for
increasing the exhaust gas temperature. It is called a secondary fuel injection. However, it is difficult to form the
uniform fuel mixture. If there is high fuel concentration region, hot spots and/or coking at the catalyst inlet face,
leading to the potential damage of the catalyst. Also, the fuel must be completely evaporated to avoid the emission
of harmful hydrocarbons in the outer atmosphere. Non-uniform fuel supply across the catalyst inlet face may
cause incomplete fuel oxidation over the DOC. Thus, we may need an alternative approach for fuel supply
system in the exhaust line. In this study, we have tested a fuel supply system to DOC using nanopore-ceramic
tube. The fuel is uniformly vaporized on the surface of the tube filled with the diesel fuel, which automatically
flows towards the DOC. Since we could not measure the vaporized gaseous component by an electrical low
pressure impactor called ELPI+, the evaporation rate was evaluated in terms of the burning velocity of the
premixed flame on a Bunsen burner. It was confirmed that most of water vaporized from the ceramic tube was
gaseous water vapor. As the pore size of the tube was larger, the maximum evaporation rate increased. When the
tube length or the tube outer diameter was larger, the fuel evaporation was enlarged due to the larger surface area
of the fuel evaporation.
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1. Introduction

In order to deal with global warming, the Paris Agreement has been passed at the twenty-first session of

the Conference of the Parties (COP 21) in 2015 [1]. Its implementation needs us to take a variety of economic

and social actions on a global scale. Each country is supposed to submit an appropriate plan suitable for climate

change, which is known as nationally determined contributions (NDCs). Therefore, for the reduction of

greenhouse gas emissions including CO», several countries will try to expand use of electric vehicles (EVs),

instead of vehicles with so-called internal combustion engines operated by fossil fuels. For example, the U.K.

will quit selling new diesel and gasoline cars and vans from 2030. However, in the countries all over the world,

it is difficult to supply more electricity for increasing demands for EV's under rapid economic growth especially

in developing counties. Then, we may still need internal combustion engines in next several tens of years.

It is well-known that diesel engines have better fuel conversion efficiency than that of gasoline engines
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[2,3], but they emit more particulate matters (PMs), which is the cause of human carcinogens [4,5]. Currently, in

EUs, US and Japan, much stricter exhaust emission standards have been set for reduction of diesel soot emission

[6,7]. As for the exhaust after-treatment system, a diesel particulate filter (DPF) [8-11], as well as a gasoline

particulate filter (GPF) [12-15], is widely used. However, during filtration for diesel soot, more deposited

particulates surely induce the pressure across the filter to increase, causing a decrease in engine output and a

subsequent worsening of fuel efficiency [16-18]. To avoid this situation, the filter must be cleaned by the well-

known filter regeneration process, corresponding to an incineration step to oxidize the deposited soot. The filter

inlet temperature must be higher than 550 °C for the soot oxidation [16]. Generally, more diesel fuel is injected

into the exhaust line at the location upstream of a diesel oxidation catalyst (DOC), where the diesel fuel is

catalytically reacted with an exothermic oxidation. Resultantly, the exhaust gas temperature is increased, and the

deposited particulates in DPF are removed. Thus, the DOC is used as the heat-up catalyst for temperature increase.
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It is expected that NO is formed by the DOC, so that the deposited soot is efficiently oxidized [19-22].

There are two ways for fuel supply to the DOC in the diesel exhaust gas line. One is to inject more diesel

fuel in the engine cylinder after the main combustion is apparently ended. It corresponds to an additional fuel

post-injection [23,24]. In this case, unburned fuel passes through the exhaust valve and flows downstream to the

DOC. However, a part of unburned fuel could remain in the engine cylinder, by which the engine oil is diluted,

because some fuel passes through the gap between the piston and the engine wall, causing the engine trouble.

The other is to supply the diesel fuel by using an additional injector on the way of the exhaust pipe. The location

of this fuel injector is set between the engine exhaust manifold and the DOC. It is called a secondary fuel injection

[25,26]. However, it 1s difficult to form the uniform fuel mixture. If there is high fuel concentration region, hot

spots and/or coking at the catalyst inlet face, leading to the potential damage of the catalyst. Also, the fuel must

be completely evaporated and oxidized to avoid the emission of harmful hydrocarbons in the outer atmosphere.
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Non-uniform fuel supply across the catalyst inlet face may cause incomplete fuel oxidation over the DOC, as

well as non-uniform DOC outlet temperature with worsening the catalyst durability [27,28]. Thus, instead for

both fuel supply systems, we may need an alternative approach.

In this study, we proposed a fuel supply system to the DOC for the filter regeneration. The diesel fuel is

uniformly vaporized on the surface of the nanopore-ceramic tube, which automatically flows towards the DOC.

Here, we measured the fuel evaporation rate though this porous tube by using an electrical low pressure impactor,

called ELPI+ produced by Dekati Ltd. [29,30]. This device was used to detect particles in the range from 6 nm

to 10 um. Also, a method was tested to estimate the evaporation rate by the variation of the burning velocity of a

premixed flame on a Bunsen burner.

2. Experimental setup
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2.1. Porous ceramic tube

Figure 1 shows a nanopore-ceramic tube tested in the experiment. The inside of each ceramic tube was

a hollow cylinder with many nanopores on the tube surface. We used ceramic tubes with lengths 100, 200, and

280 mm and external diameters 10 mm (internal diameter: 6.9 mm) and 12 mm (internal diameter: 9 mm). To

change the evaporation characteristics, ceramic tubes with average pore diameters of 150, 500, and 1300 nm

were tested. Later, a summary of these dimensions are shown in Table 1 in Section 3.1. In the preparatory

experiment, water was used instead of diesel fuel. Before the evaporation experiments, the porous ceramic tubes

were deeply doped in the container filled with diesel fuel or water.

2.2. Experimental method

To measure the evaporation rate, the electrical low pressure impactor (ELPI+) was used. It can measure
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the size distribution and number concentration of particles in 14 size fractions in the range from 6 nm to 10 pm

at a maximum of 10 Hz. Figure 2 shows a schematic diagram of the measurement system. Each porous ceramic

tube filled with water or diesel fuel was placed inside a tubular furnace with a temperature controller [16]. Then,

the ceramic tube was heated to set a preset temperature of the mimic exhaust gas, so that the water or the diesel

fuel impregnated in the tube was evaporated.

Next, we describe the method for the measurement of the amount of evaporated diesel fuel (water).

Figure 3 shows a schematic diagram in this experiment. A premixed flame of gaseous fuel (not diesel fuel) and

air was first formed on a burner used for forming the stable laminar flame. For the gaseous fuel of the premixed

flame, methane was used. When diesel fuel or water was added in the flow line, the burning velocity of the

premixed mixture was changed. Therefore, the amount of evaporated diesel fuel (water) could be estimated by

the change of the burning velocity.
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Here, we explain how to obtain the burning velocity experimentally. If the flow velocity of the mixture

is slow enough, a laminar premixed flame is expected to be formed. Figure 4 shows the so-called Bunsen burner,

where the com-shaped stable flame is formed on the burner. The premixed flame tends to propagate toward the

unburned mixture, it has a unique burmning velocity. According to Fig. 4, the flame is inclined to the vertical line,

and the burning velocity is simply obtained by the exit velocity of the mixture (U) and the half angle of the flame

cormn (6), because the flame is propagated at the angle of @ to the inflow direction of the premixed mixture. In

other words, the velocity component perpendicular to the flame front is balanced with the flame propagation

velocity. It corresponds to the laminar burning velocity denoted as Sz, which is given by Eq. (1).

S, =Usin@ (1)

In experiments, the flame was photographed using a digital camera to obtain the angle & for the estimation of S;.

As shown in Fig. 4, the ceramic tube was installed in the flow line of the primary air, whose flow rate was 54
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L/min. The flow rate of the secondary air which was mixed with methane was set at 8.2 L/min. The flow rate of

methane was 6.5 L/min, and the total equivalence ratio of the whole mixture was 1.0. In this case, the flow

velocity at the burner exit was 2 m/s, which was much larger than the burning velocity of the mixture, in order to

prevent the flash back of the premixed flame for the experimental safety. In the preliminary experiment, instead

of diesel fuel, water was used, because it was easy to predict the burning velocity in the premixed gas with water

vapor by the numerical simulation described in section 2.3.

2.3. Numerical simulation of one-dimensional flame

In order to validate the method for estimating the evaporation rate, we also conducted the numerical

simulation of the laminar flame. A one-dimensional flame was considered for prediction of the burning velocity

[31]. The premixed mixture was methane and air whose equivalence ratio was similarly 1.0. In the combustion
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of diesel fuel, there are too many chemical reactions. Then, in the preliminary experiment, water was added in

the mixture, because it was much easier to take water into account in the combustion reaction. The reaction

mechanism for methane and air mixture was well-known, and GRI-Mech 3.0 [32] was adopted in the numerical

simulation with elementary reactions. When water was added in the premixed mixture, the burning velocity was

decreased. When the mass amount of water vapor was changed, the feeding rate of the water vapor to the flame

was also changed. The predicted burning velocity by the numerical simulation is shown in Fig. 5. Here, the

reduction of the burning velocity caused by the water vapor is ASL, corresponding to the original burning of Sio

subtracted of the decreased burning velocity of St caused by the water vapor. As seen in this figure, it is found

that ASy. is proportional to the feeding rate of the water vapor (dmpo/dt). Since the burning velocity can be

predicted by the simulation in advance by changing the amount of the added water, it is possible to estimate the

content of evaporated water from the porous ceramic tube in terms of the measured burning velocity.
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Here, the one-dimensional flame is more explained. Since the spatial coordinate has only one, the

upstream flow is unburmed gas and the downstream flow is burned gas. The flame can be formed in the numerical

domain if the flow velocity of the mixture is appropriate. In the simulation, the inflow velocity was adjusted to

produce a stationary flame in the numerical domain, and the inflow velocity was naturally the laminar burning

velocity of ;. For the numerical domain, a 20-mm coordinate length was used. The number of numerical grids

was 350. Around the region where the flame was formed, the spatial uniform grid of 0.02 mm was used. Irregular

grids were adopted elsewhere. Similar to the experimental conditions, the temperature of the unburned gas was

set to be 100°C, so that the water was gaseous water vapor in the simulation.

3. Results and discussion

3.1. Content of liquid impregnated in ceramic tube

10
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Before we started the evaporation experiments, we needed to know aforehand the content of liquid

impregnated in the ceramic tube. The tube has hollow cylinder structure, and the thickness of the porous wall is

roughly 4 mm. The wall porosity of the ceramic tube is approximately 30%. To keep the experimental conditions

constant, it was desirable that the quantity of diesel fuel (or water) in the tube was constant. First, the container

filled with diesel fuel (or water) was prepared in which the porous ceramic tube was deeply doped, allowing it to

be filled with diesel fuel (or water). When the ceramic tube was taken out from the container, the quantity of

diesel fuel or water in the tube was measured using an electronic balance.

Figure 6 shows the mass change in water or diesel fuel in the porous ceramic tube. Table 1 shows the

quantity of water or diesel fuel impregnated in the tube up to 120 min after the filling was initiated. Figures 6 (a)

and (b) show the content of water or diesel fuel with filling time, respectively. The legend in these figures

corresponds to those of the experimental numbers in Table 1. Although each ceramic tube had different pore

11
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diameter, length, and internal diameter (or external diameter), the content of water or diesel fuel was not changed

after 120 min filling time. Moreover, the content differed according to their pore diameter, length, and internal

diameter (or external diameter).

3.2. Measurement of evaporation rate by ELP[+

First, the amount of evaporated water was measured using the electrical low pressure impactor, ELPI+.

The measurement was conducted for the porous ceramic tubes of experimental numbers, 1 to 3, which had a

length of 100 mm and external diameter of 10 mm. By comparing the amount of water evaporated from these

tubes, the effect of the pore diameter was investigated. In the experiments using water, the temperature of the

tubular furnace was set to be 500°C, confirmed that the temperature of the mixture at the burner exit exceeded

100°C.

12
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Figure 7 shows the particle number concentration, showing the temporal change in the number of
water droplets. As seen in Fig. 2, the sampling was conducted at the burner exit. Although the number
concentration rapidly increased after the experiment was started, it sometimes returned to nearly zero. Then, the
large fluctuation was repeatedly observed. Figure 8 shows the temporal change in the mass concentration of
water, which was calculated by the number and the sphere diameter of the water droplet. The mass evaporated
from the ceramic tube of 500 nm pore diameter was smaller than those of other two tubes.

The content of evaporated water was obtained using the measured mass concentration of water and

the flow rate by the following equation.

dmpy,o

dr ZCHZO xQ (2)

Here, dmno/dt is the evaporation rate of water, Croo (kg/m?) is the mass concentration of water measured by

ELPI+, and Q (m%s) is the flow rate of the mixture. Therefore, the total content of evaporated water from the

13
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ceramic tube could be calculated by

Mpyz0 = .[(')Te" d";;zo at (3)

Here, 7., represents the time when evaporation has completed, corresponding to the evaporation completion time.
The total contents of evaporated water were 20.8, 6.33, and 35.0 mg for 150, 500, and 1300 nm pore diameter
tubes. It should be noted that, as shown in Table 1, the mass of water initially impregnated in the tube were 1.45,
1.42, and 1.58 g, respectively. Therefore, the ratio of evaporated water measured using ELPIH were only 1.43%,
0.45%, and 2.2%.

We tried to discuss the reason why the measured quantities of evaporated water was small. The
molecule size of water vapor is generally below 1 nm, but the lower limit of the particle size that can be measured

using ELPI+is 6 nm. Therefore, ELPI+ could count liquid water droplets only, and could not measure the content

of gaseous water vapor. Conclusively, we conformed that most of evaporated water at the burner exit was water

14
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3.3. Measurement of evaporation rate based on burning velocity

In the previous section, it was revealed that ELPI+ could not successfully measure the amount of

gaseous evaporated water (water vapor). Then, we tested a new method based on the burning velocity. First, the

stationary flame was formed using the Bunsen burner, and the amount of evaporated water was estimated by the

change in the burning velocity caused by the water vapor from the ceramic tube. First, we discuss the effect of

water vapor on the flame shape. Flame photographs are shown in Fig. 9. Here, the porous ceramic tube of No. 4

(pore diameter: 1300 nm, length: 100 mm, external diameter: 12 mm) was used. One is the photograph of the

flame before the evaporation experiment. The other is that of the fluctuating flame with evaporated water. The

camera’s exposure time was 4 s, and we recorded the flame shape at 5 s intervals. By comparing two photographs,

15
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it was revealed that the height of the visible flame with vaporized water was slightly larger due to its smaller

burning velocity [33-35]. When water vaper is added in the mixture, there are three effects of a dilution effect

caused by the reduction in reactants concentration, a thermal effect due to the heat absorption of water vapor, and

a chemical effect in the combustion reaction [36]. It has been reported that the burning velocity is more reduced

when the concentration of water vapor is higher, finally causing the flame extinction.

Next, the temporal change in burning velocity before and after adding water was investigated. Results

are shown in Fig. 10. When the ceramic tube was placed at the flow line, the time was set to zero (t =0 s). The

premixed gas was gradually preheated using the tubular furnace. To clarify the effect of adding water, we

measured the burning velocity using an empty porous ceramic tube (not filled with water), denoted as Syo. As

seen in this figure, the buming velocity increased with time, and was constant approximately at t = 170 s. It was

the time when there was no water in the tube. The initial increase in the burning velocity was likely that the

16
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temperature of the premixed gas was increased by the tubular furnace. When the tube filled with water was used,

the bumning velocity started to decrease, but increased at t = 90 s and became constant approximately at t =280

s. It looks reasonable, because adding water to the premixed gas has a negative effect of reducing the flame

temperature, resulting in a decrease in burning velocity. That is, water could weaken the combustion reaction,

even if there was the positive effect of the furnace by increasing the temperature. Resultantly, the burning velocity

showed the temporal change in Fig. 10.

Since we conducted the numerical simulation of the one-dimensional flame, it was possible to obtain

how much content of the vaporized water in the premixed gas. Here, AS; is defined by the difference between

S1. and Sy, corresponding to the effect of the vaporized water in the burning velocity. Based on the simulation, it

was revealed that the amount of water added to the premixed gas was proportional to AS;. Then, we could

estimate the evaporation rate of dmmo/dt. Results are shown in Fig, 11 for porous ceramic tube of No. 4. It was

17
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found that, when the ceramic tube was placed at the flow line, the evaporation rate increased due to the enlarged

temperature by the furnace. It took its maximum around 7= 100 s, and gradually decreased to be zero at # =280

s. This was because water impregnated in the porous ceramic tube had run out.

3.4. Characteristics of ceramic tube based on fiiel evaporation rate

From the results of the preliminary experiments with water, it was confirmed that the evaporation rate

could be estimated based on the temporal change in burning velocity. Finally, the porous ceramic tubes filled

with diesel fuel were tested. The temperature of the tubular furnace was set to be 900°C. The temperature at the

burner exit was measured to be 230°C, ensuring that the evaporated diesel fuel from the ceramic tube did not

adhere to the pipe wall of the flow line. Figure 12 shows the flame photographs before and after adding diesel

fuel to the premixed gas. The camera’s exposure time was 4 s. It was found that the flame length was longer

18
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when the diesel fuel was evaporated. Since the diesel fuel was added, the equivalence ratio of the premixed gas

was more than 1.0. The premixed gas became fuel-rich, and consequently, the burning velocity decreased by the

evaporated diesel fuel, resulting in the larger flame height. In the case of fuel-rich condition, extra-fuel is the

additive which absorbs the heat of the stoichiometric mixture, resulting in the lower flame temperature. Moreover,

diesel fuel could affect the chemical reaction of methane-air flame.

Here, the effect of the pore size on the fuel evaporation rate was investigated. The temporal change in

burning velocity for tube numbers 1 to 3 are shown in Fig. 13. For all cases, the tube outer diameter was 10 mm,

and the tube length was 100 mm. As already defined, the burning velocities with and without evaporated diesel

fuel are denoted as Syo and S;, respectively. The temporal change in burning velocity in the diesel fuel experiments

was quite similar to those in the water experiments shown in Fig. 10. That is, when evaporated diesel fuel was

added to the premixed gas, the burning velocity decreased. When the diesel fuel in the ceramic tube completely

19
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evaporated, the value of S; finally became Sio.

Next, the evaporation rate of diesel fuel (dm//df) was estimated by the difference between Sz and Sz in

Fig. 13. Figure 14 shows the evaporation rate for three cases of different pore diameters, 150, 500, and 1300 nm.

The maximum evaporation rate for 1300 nm pore size tube was higher than those of other two cases. Independent

of the pore size, the evaporation completion time was 230 s. Although it was difficult to conduct the numerical

simulation of the premixed flame with diesel fuel, the linearity between the amount of fuel and the reduction of

the burning velocity could not be shown. However, since the integrated value of the evaporated fuel shown in

Figs. 14 and 15 matched with the amount of fuel involved in the tube shown in Table 1, the validity of the

proposed method for estimating the fuel evaporation rate was confirmed.

Finally, effect of the tube length was investigated. Results are shown in Fig. 15. The tube lengths were

100, 200, and 280 mm, and the tube outer diameters were 10 and 12mm. For all cases, the pore size was 1300
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nm. It should be noted that as the tube length was longer or the tube outer diameter was larger, more fuel was

impregnated in the ceramic tube. As for the effect of the tube length, it was found that the maximum evaporation

rate increased as the tube length was longer. It means that more fuel was evaporated. By comparing two figures,

it was revealed that the maximum evaporation rate increased when the tube diameter was larger. This could be

due to an increase in surface area of the fuel evaporation. However, the evaporation completion time was close

to 230 s regardless of the tube diameter.

In the case of the post fuel injection, it is reported that even the gaseous fuel is condensed near the

cylinder wall, and the liquid fuel reaches the cylinder wall and splashes away [37]. The typical droplet size is the

range of 5 to 10 micrometer. On the other hand, the size of the evaporated fuel or water from the nanopore-

ceramic tube was much smaller. It was the order of the vapor, because the measured mass of vaporized water in

Fig. 8 was much smaller than the amount of water in the tube. Although the uniformity of fuel distribution was
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not confirmed in our experiments, our system supplies the gaseous fuel with more uniform fuel distribution,

because the gaseous fuel flows and diffuses in the exhaust pipe to avoid condensed fuel region.

4. Conclusions

In this study, for the filter regeneration, we have tested an alternative fuel supply system to the DOC,

where the fuel is uniformly vaporized on the surface of the nanopore-ceramic tube filled with the diesel fuel.

Here, we measured the evaporation rate by the burming velocity of the premixed flame on the Bunsen burer,

coupled with the electrical low pressure impactor, ELPI+. Following results were obtained.

1) Inthe preliminary experiments with water, the ratio of evaporated water measured using ELPI+were 1.43%
@ p ary exp ) p g ,

0.45%, and 2.2% of the initial mass impregnated in the tube. The lower limit of particle size that could be

22



243

244

245

246

247

248

249

250

251

252

253

measured using ELPI+ was 6 nm, and it was much larger than the size of the water vapor molecule. Then,

most of water vaporized from the ceramic tube was considered to be gaseous water vapor.

(2) When the premixed gas was preheated using the tubular furnace, the vaporized water was added to the

©)

premixed gas. The burning velocity firstly decreased and increased to become constant. This situation looks

reasonable, because water in the premixed gas has the negative effect of reducing the flame temperature.

Based on the temporal change of the burning velocity, it was revealed that the evaporation rate started to

increase, took its maximum, and gradually decreased to be zero when water impregnated in the tube had run

out.

In the case of diesel fuel, the temporal change in burning velocity was quite similar to those in the water

experiments. This is because when the evaporated diesel fuel was added to the premixed gas, the mixture

became fuel-rich with the smaller burning velocity. The maximum evaporation rate of the tube whose pore
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size was 1300 nm was larger than those of 150, 500 nm pore size. When the tube length or the tube outer

diameter was larger, the fuel evaporation was enlarged due to the larger surface area of the fuel evaporation.
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362  Fig.6 Massin porous ceramic tube filled with (a) water and (b) diesel fuel
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366  Tablel Massinporous ceramic tube filled with water and diesel fuel

No.| Pore size |Length| 1.D. | O.D | Water | Diesel oil
[nm] [mm] | [mm] | [mm] | [g] [g]
1 150 100 6.9 10 | 1.4470 | 1.1796
2 500 100 6.9 10 | 1.5661 | 1.1409
3 1300 100 6.9 10 | 1.5678 | 1.3607
4 1300 100 9.0 12 | 1.8308 | 1.6333
5 1300 200 6.9 10 - 2.9606
6 1300 200 9.0 12 - 3.1181
7 1300 280 6.9 10 - 3.7803
367 8 1300 280 9.0 12 - 3.7614
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369  Fig.7 Particle number concentration
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373

374  Fig. 9 Photographs of flames (a) without vaporized water, (b) with vaporized water
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