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ABSTRACT

The influence of heterogeneous flow injection of urea at different velocities and temperatures on NO, conversion
efficiency, ammonia storage and ammonia leakage is investigated experimentally. A diesel engine employing a
selective catalytic reduction (SCR) technology is considered. It is found that for a fixed injection velocity, the
degree of ammonia leakage changes depending on the temperature. The higher the temperature, the faster the
catalytic reduction reaction and the smaller the degree of ammonia leakage. The temperature has a great influence
on the catalytic reduction reaction rate. At an injection velocity of 10000/h, the average reaction rate at 420°C is
12 times higher than that at 180°C. The injection velocity has a weak influence on the reaction rate. When the
injection velocity changes from 10000/h to 40000/h at the same temperature, the average reaction rate does not
change appreciably. However, increasing the space velocity can accelerate the leakage of ammonia, thereby miti-
gating the benefits associated with the NOy conversion.
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1 Introduction

Compared with gasoline engines, diesel engines have higher thermal efficiency and lower CO,
emissions, so they are widely used in heavy trucks. However, diesel engines produced by NO, occupy
most of atmospheric nitrogen oxides. With the increasingly strict emission regulations, effective
technologies are urgently needed to reduce the emission of NO,, With the increasingly strict emission
regulations, the selective catalytic reduction (SCR) technology with urea as reducing agent is urgently
needed to reduce NOy emission [1]. SCR is to inject NH3 and other reducing agents into the exhaust
pipe, and then react with NO, in the pipe to generate N, and H,O, so as to strive for higher NOy
conversion rate and lower NH; leakage. But this technique still needs to improve in some aspects, such
as the solution when the diesel engine at low speed conditions NO, asked conversion efficiency is very
low. Therefore, a lot of experiments are needed to find out the factors that affect the low conversion
efficiency of NO,, and a reasonable scheme is formulated to make the diesel engine have lower ammonia
leakage and higher conversion efficiency of NOy under any working conditions. An experiment shows
that the conversion efficiency of ammonia to NO, in the adsorption process can be improved at low
temperature, but attention should be paid to controlling the urea injection amount in the process of fast
operation mode, because with the increase of urea injection amount, the catalysts in ammonia storage is
also greatly improved, and ammonia leakage is easy to occur when the maximum storage amount is
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exceeded after one distribution [2,3]. Therefore, it is necessary to estimate the storage amount of ammonia in
advance, reasonably control the urea injection amount under different working condition of the engine, and
make every effort to reduce or avoid ammonia leakage.

This paper is based on the research of matching vanadium VI diesel engine and the real case of SCR
catalysts in ammonia storage and conversion efficiency. Ammonia leakage, according to the different
operating conditions, formulate reasonable strategies of urea injection, making the whole machine have
higher NO, conversion rate and lower NHj.

2 Experimental Setup

This test-bed mainly includes dynamometer, diesel engine, emission test system and SCR after treatment
system, test using dynamometer for electrical dynamometer. The test bench arrangement is shown in Fig. 1.
Parameters of the engine are shown in Table 1.

Figure 1: Engine test bench

Table 1: Main parameters of test engine

Project Parameter

Number of cylinders 6

The cylinder diameter X trip (mm) 115 % 145

Displacement (L) 8.7

Compression ratio 18

Air intake form Turbocharged inter-cooled
Fuel oil supply Common rail

Nominal power (kW) 280 (1900 r/min)

The maximum torque (N-m) 1702 (1400~1700 r/min)
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This test uses an integrated urea box and a 32.5% standard urea aqueous solution, it is in line with the
implementation of GB/T 29518-2013. The test mainly used the AVL 160 emission meter to measure gas
components such as NO,, and the ammonia analyzer to measure NHj. Fig. 2 shows the experimental test
diagram.
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Figure 2: Details of test section

The space velocity and the exhaust temperature of ammonia during storage and release were mainly
studied experimentally, and the influence of ammonia storage on the conversion efficiency of NO, was
analyzed. The space velocity is defined as the standard state of exhaust volume ratio and catalyst volume
per hour.

It is necessary to test constant adjusting speed and torque to control space velocity and exhaust
temperature respectively, and to provide enough ammonia to smoothly form ammonia storage [4].
Therefore, the ammonia-nitrogen ratio is 1.2:1 when spraying urea under all conditions in the experiment.
During the test, the high temperature of waste gas was purged at 500°C first, and then the difference
between the values of current NO, was about 20-30 PPM. When the peak value of NO, before and after
the engine changes within 30 ppm and there is no leakage of NHj, stop purging and then run the engine
at low temperature, and adjust the engine to the required exhaust temperature and space velocity until the
difference of NO, before and after the engine is about 20-30 ppm. And the steady-state data of 1~2 min
was recorded when the peak value of NO, before and after was within 30 ppm. Urea injection was
carried out with ANR = 1.2, and the injection was stopped when the leakage value of NHj reached
10 ppm. Before and after the stop after injection, waiting for NO, value between about 20-30 PPM.
After stopping injection, the difference between the values of NO, before and after waiting is about 20—
30 ppm. When the peak values of NO, before and after waiting are within 30 ppm, purge at the exhaust
temperature of 500°C and continue to look for the next operating point. According to the volume
concentration change of NO, and NHj, urea injection rate and exhaust flow rate, the ammonia storage
rate was deduced. Integrate the ammonia storage rate to obtain the maximum ammonia storage.

Continuously measure and record the volume concentration change process of NO, and NHj at the back
end of SCR catalyst from a certain time before urea solution injection. According to the curve of NO, over
time, the rate of catalytic reduction reaction under different operating conditions is analyzed. According to
the curve of NO, and NH3 volume concentration with time and the injection rate of urea solution, the storage
amount of NH; under each working condition is calculated.

3 Results and Discussion

3.1 Ammonia Storage and NO,. Conversion Efficiency

The saturated storage capacity of ammonia and its influence on the real-time conversion efficiency of
NO, at different temperatures and space velocity were studied. The calculation method of ammonia
storage capacity was from the initial urea injection until there was a leakage of ammonia with a volume
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concentration of 10 x 10°°, at which time the urea injection was stopped, and the storage capacity of
ammonia in this process was the saturated storage capacity of ammonia.

As can be seen from Fig. 3, under the condition of space velocity of 20000/h, when the temperature is
lower than 420°C, the saturated ammonia storage decreases linearly with the increase of temperature, with
22.52 g at 180°C and only 4.09 g at 420°C, which shows that the temperature has a great influence on the
saturated ammonia storage.
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Figure 3: Saturated storage capacity of ammonia at space velocity of 20000/h

As can be seen from Fig. 4, when the temperature is maintained at 300°C, the saturated ammonia storage
decreases slightly with the increase of space velocity, because increasing space velocity will cause ammonia
leakage to occur more easily, thus reducing the final ammonia storage [5]. According to the changing trend of
ammonia saturated storage when space velocity changes from 10000/h to 40000/h, it can be seen that space
velocity has little influence on ammonia saturated storage.

12.0
115

1MOF m

5105 | \
o L

(

g
N
® o © © o
o o o w» o
T T 1

Ammonia Saturated Stora

75 F
70 |
6.5 |-

1 1 1 1 1 L 1
10000 15000 20000 25000 30000 35000 40000

Space velocity(/h)

Figure 4: Saturated storage capacity of ammonia at 300°C
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From Fig. 5, it can be concluded that when the temperature is controlled at 180°C, the conversion
efficiency and ammonia storage capacity of NO, show a linear trend, which is due to the poor low-
temperature activity of the catalyst, which leads to the slow reaction rate. When the storage amount of
ammonia increases, there will be more ammonia to increase the reaction rate [6]. This shows that the
conversion efficiency of NO, at low temperature is greatly influenced by ammonia storage.
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Figure 5: The relationship between the real-time conversion efficiency of NOy and ammonia storage
capacity at 20000/h space velocity and different temperatures

As the temperature rises, the activity of catalysts becomes stronger, then ammonia storage for NO,
would also reduce the conversion efficiency of effects [7]. When the temperature is 420°C, the
conversion efficiency of NO, reaches its peak after 7 s of urea injection, and the ammonia storage is only
about 0.9 g at this time, which is basically unchanged from the conversion efficiency of NO,, and the
ammonia leakage does not occur until ammonia storage reaches 1.59 g.

This is obtained from the curve of ammonia storage and the conversion efficiency of NO, in Fig. 5.
Under the condition of low temperature and NO,, the conversion efficiency is affected by the large
amount of ammonia storage. With the increase in ammonia storage, the conversion efficiency of NO, is
significantly improved. As the temperature increases, the rate of catalytic reduction reaction accelerates,
and the effect of ammonia storage on the NO, conversion efficiency gradually decreases. By 300°C, the
effect of ammonia storage on the improvement of NO, conversion efficiency is already very limited.
At high temperatures of 420°C, the amount of ammonia stored has little effect on NO, conversion
efficiency [8,9].

3.2 The Influence of Temperature on the Reaction Rate

The average rate and reduction time of catalytic reduction reaction changes with the change of
temperature under the same space velocity [10]. The time from the start of the reaction to 95% of the
total steady-state decrease is called the decrease time, which reflects the main process of catalytic
reduction. The reaction rate refers to the ratio of NOy reaction amount to the falling time. The total
steady-state decline is defined as the volume concentration difference between the initial NO, and the
ammonia leakage volume concentration of 10 x 107° Fig. 6 shows the change trend of volume
concentration of 30000/h space velocity at 180°C, 240°C, 300°C, 360°C and 420°C, respectively, from
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the 40 s of urea injection to 10 x 10~ ¢ NO, of ammonia leakage volume concentration. It can be seen from
Fig. 6 that when the temperature is 180°C the concentration changes very gently. Because it is the catalytic
reduction reaction rate that is slow at low temperature. As the temperature increases, the rate of catalytic
reduction reaction also accelerates [11]. When the temperature is 180°C, 240°C, 300°C, 360°C and
420°C, the falling time are 450, 259, 197, 80 and 48 s, respectively.
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Figure 6: The volume concentration of the NO, after SCR at 30000/h space velocity changes with
temperature

The average response rate NOj at different temperatures is shown in Table 2 and Fig. 7. We can see that
with the increase of temperature from 180°C to 420°C, the average reaction rate of NO, raised from 0.0004 to
0.0049 mol/s. Average indicated temperature on NO, has great influence on the reaction rate. The higher the
temperature, the faster the reaction rate [12].

Table 2: Catalytic reduction reaction rate at different temperatures at 30000/h space velocity

The Fall Fall time NO, cumulative The average rate of NO, conversion
temperature (°C) time (s) response rate (mol) reaction (mol/s) efficiency (%)
180 450 0.1345 0.0004 34.1

240 259 0.3112 0.002 69.0

300 137 0.3791 0.0029 93.8

360 29 0.1273 0.0037 98.9

420 8 0.0415 0.0049 99.4

3.3 Effect of Space Velocity on Reaction Rate

Experimental study on the constant temperature, catalytic reduction reaction rate and down time with
space velocity changes. Fig. 8 shows the change trend of the volume concentration of NO, from urea
injection to ammonia leakage volume concentration of 10 x 10~ when the temperature is 300°C and the
space velocity is 10000/h, 20000/h, 30000/h and 40000/h, respectively. As can be seen from Fig. 8, when
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the temperature remains unchanged, although the space velocity increases, the volume concentration of NO,
does not have a great downward trend, and ammonia leakage will occur earlier. When the space velocity is
10000/h, there is 10 x 107 volume concentration of ammonia leakage after 210 s of urea injection, while
when the space velocity is 40000/h, there is 10 x 10 ® volume concentration of ammonia leakage after
60 s of urea injection. It can be concluded that when other conditions are the same, the larger the space
velocity, the easier ammonia leakage will occur [13,14]. The main reason is that NH; will undergo
catalyst reduction and other reactions at the active site of the catalyst, and with the increase of space
velocity, most of NH3 will be blown away by exhaust gas before adsorption, thus shortening the time of

ammonia leakage.
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Figure 7: Average reaction rate at different temperatures at space velocity of 30000/h
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When the temperature is 300°C, the average reaction rate and the total amount of NO, at the back end of
SCR are shown in Table 3 and Fig. 9. Table 3 shows that the reaction rate is around 0.0030 mol/s at all space
velocity, indicating that the main factors affecting the reaction rate is not space velocity, but temperature [15].
With the increase of space velocity, the cumulative reaction amount of NO, decreases slightly. It can be
seen from Table 3 that when the space velocity increases from 10000/h to 4000/h, the conversion
efficiency of NOy corresponding to the ammonia leakage volume concentration of 10 x 10 ® decreases by
about 21% [16]. This is because increasing the space velocity will shorten the contact time between NHj
and the catalyst. And at the same time, it will lead to incomplete hydrolysis and pyrolysis of urea and
decrease the efficiency of generating NHj3, which will lead to a significant decrease in the conversion
efficiency of NO,.

Table 3: Catalytic reduction reaction rate at different space velocity at 300°C

Space Fall time NO, cumulative The average rate of reaction NO, conversion
velocity (/h)  (s) response (mol) (mol/s) efficiency (%)
10000 128 0.3910 0.0031 93.5
20000 95 0.2807 0.0028 89.9
30000 71 0.1823 0.0034 77.8
40000 53 0.1661 0.0027 72.5
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Figure 9: Average reaction rates at different space velocity at 300°C

Figs. 10 and 11 and Table 4 compare the change process of the volume concentration of each space
velocity NO, at 420°C and the average reaction rate of NO,, and urea injection starts from 38 s. As can
be seen from Fig. 10, increasing the space velocity makes the ammonia leakage happen earlier, for the
same reason as the analysis at 300°C. From Fig. 10, it can be concluded that the space velocity is
increased at 420°C. Although the contact time between the catalyst and the reducing agent is shorter, the
reaction rate is kept at about 0.0045 mol/s, which shows that the space velocity has little effect on the
average reaction rate of NOy at high temperature, and the temperature at 420°C is the main factor to
control the reaction rate [17,18]. The reason for this phenomenon is the same as that at 300°C. The
higher the space velocity, the shorter the reaction time between NHj and the catalyst, and the lower the
conversion efficiency of NO,. However, because the catalyst has strong activity at high temperature, NO,



FDMP, 2023, vol.19, no.1 91

has always maintained a high conversion efficiency. To sum up, space velocity has great influence on
ammonia leakage, but little influence on reaction rate.
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Figure 10: 420°C with different space velocity distribution at downstream NOy volume concentration
changes
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Figure 11: Average reaction rate at different space velocity at 420°C

Table 4: Different 420°C space velocity in catalytic reduction reaction rate

Space Fall time NOy cumulative The average rate of reaction NO, conversion
velocity (/h)  (s) response (mol) (mol/s) efficiency (%)
10000 8 0.0382 0.0044 99.6

20000 9 0.0423 0.0047 99.1

30000 8 0.0401 0.0045 98.4

40000 8 0.0397 0.0044 97.2
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4 Conclusions

1. The dynamic reaction process of SCR is quite different from the steady-state reaction process. When
formulating the urea uniform flow injection strategy, the storage and release characteristics of
ammonia in the catalyst and its influence on NOy conversion efficiency should be considered. In
order to accurately control the urea injection quantity, it is necessary to study the dynamic
reaction characteristics of the catalyst and establish relevant models.

2. The saturated ammonia storage capacity is greatly influenced by temperature, and when the space
velocity is constant, the saturated ammonia storage capacity decreases sharply with the increase of
temperature. However, space velocity has little effect on the saturated ammonia storage. When the
temperature is constant, the saturated ammonia storage only slightly decreases with the increase of
space velocity.

3. According to the relationship between ammonia storage and NO, conversion efficiency, increasing
ammonia storage can be considered to improve NO, conversion efficiency at low temperature, but
reasonable control of ammonia storage is needed, otherwise, the engine load will suddenly
increase, the catalyst temperature will rise, and more ammonia stored before the ammonia storage
capacity declines will be too late to consume, resulting in ammonia leakage.
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