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Abstract. A pressure-driven swirling injector for Urea-SCR system was pre-
sented and investigated. It consists of a switch valve and orifice. To investigate
the dynamic and internal flow characteristics of the injector, a FSI model was
proposed. Numerical analysis suggested that the flowrates of the injector under
different inlet pressure were close to the test results. The deviations between the
simulated and tested flowrate at different inlet pressure were less than 2%. It is
demonstrated that the proposed simulation model was efficient to simulate a full
working process of the injector. When the inlet pressure increased from 0.5 to
1.3 MPa, the discharge coefficients of the injector increased lightly. When the
length-diameter ratio increased from 0.5 to 2.5, the discharge coefficients of the
injector decreased lightly. When the eccentricity of swirl channel increased from
0.28 to 2.23, the discharge coefficients of the injector remained unchanged. The
results showed that the inlet pressure and structural parameters of the injector have
relatively little influence on the discharge coefficient. The results can provide a
theoretical basis for the design of the similar injector.

Keywords: Urea injector · Internal flow · Pressure · Discharge coefficient · Urea
selective catalytic reduction (Urea-SCR) system

1 Introduction

Urea selective catalytic reduction (Urea-SCR) technology is currently widely used in
the exhaust aftertreatment of diesel engines [1–3]. The Urea-SCR technology adopts
urea water solution (UWS) as the reducing agent to convert the NOx from the exhaust
into N2 and H2O through a catalyst [4, 5]. Urea injector is one of core components of
Urea-SCR system. Analyzing the dynamic characteristics of the injector and optimizing
its structure, the performance of the Urea-SCR system can be effectively improved
[6, 7].

Many authors have applied various methods and models to investigate the character-
istics of the urea injectors [8–13]. Oha and Lee analyzed the motion characteristics of
the nozzle using laser diagnostics and high-speed cameras to provide a reference for the
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optimal distance from the mixer to the urea injector. The droplet uniformity index (DUI)
was calculated from the test data to obtain the spray droplet distribution. The results
proved that the grid-channel plate-type mixer is better than the case without a mixer,
which DUI could increase 32% [8]. Varna et al. found that two counter-rotating kidney
vortices are formed at low cross-flow conditions and can improve mixing. Under the
condition of higher flow velocity, the vortex is not formed obviously, and the interaction
between the spray wall is not obvious [9].

Some other researchers are mainly focused on the spray characteristics of the injec-
tors and atomization process of UWS. Hua et al. used high-speed photography investi-
gated the urea spray characteristics of two typical urea injectors (air-assisted and non-air-
assisted) at normal temperature and pressure. For the SCR systemwithout air assistance,
the injection (pressure-driven type) rate shows basically no effects on urea spray pattern.
The droplet size in SCR injection system with air assistance is much smaller compared
with that in SCR injection system without air assistance [10]. Spiteri et al. conducted
experiments on two commercial UWS injectors to obtain spray characteristics under
different cross-flow conditions. Experimental results show that the extensive volume
fraction in the largest droplets can affect the distribution of urea under pressure driv-
ing. Turbulence and vorticity caused by the ejector airflow can affect the distribution
of smaller droplets in air-assisted atomization [11]. Shi et al. conducted experimental
studies on non-air-assisted ejectors and found that when the ejection pressure was rea-
sonable, the spray formed without impinging the wall. The lower injection pressure led
to better axial concentration uniformity of the urea-solution droplet distribution. The
decrease of injection pressure resulted in mixing distance decrease [12].

As the reliability of the non-air-assisted systems is far higher than the air-assisted
systems. The non-air-assisted SCR system will be the main products in the future. Lee
and Park studied internal flow characteristics of two types of commercial pressure-driven
injectors. The average discharge coefficient of the H-type injector is 0.59, and that of
the D-type injector was 0.53. The H-type injector has better UWS supply characteristics
and could reach stable flow conditions faster than the D-type injector [13]. The research
results of Postrioti et al. suggested that back-light imaging (BLI) can be a good choose
in those cases when the use of phase Doppler anemometry is limited by geometry [14].
Shahariar and Lim conducted experiments on spray and droplets of a pressure-driven
SCR injector, applying Z-Shadow imaging to capture spray images, and UWS spray,
droplet disintegration, urea disintegration, and deposit formation for SCR systems were
analyzed. The study revealed that higher pressure increases the ratio ofwall impingement
and deposit formation. The droplet size mainly depended on injection pressure, and
exhaust temperature also had significant influences on droplet size and evaporation [15].
Payri et al. investigated the atomization of UWS by optical diagnosis through BLI. The
results showed that the atomization process of UWS solution is related to the injection
pressure. Increasing the injection pressure will increase the atomization speed, generate
smaller droplets, make the spray angle wider, and improve the evaporation and mixing
performance of the SCR system [16].
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The dynamic characteristics of solenoid valve of pressure-driven injector were also
investigated by some researchers. Wang et al. studied the response time of the solenoid
valve of a pressure-driven injector. The results showed that, in a certain range, changing
air gap and spring stiffness could produce the opposite effect on opening and closing
time. The number of coil turns and the coil resistance could produce greater influence
on closing time [17]. There are three or more orifices (nearly 0.18 mm) in most of the
pressure-driven injectors. If the swirling injector is adopted in SCR system, the diameter
of the orifice can reach 0.28 mm. Obviously, the pressure-driven swirling injector has
lower cost than the other type.However, few studies focus on the pressure-driven swirling
injectors for Urea-SCR system.

In this paper, a pressure-driven swirling injector for the Urea-SCR system is pre-
sented. The main goal of this work is to establish a three-dimensional FSI model of the
ejector, and based on this model, the dynamic characteristics and internal flow charac-
teristics of the ejector are analyzed. And the control experiment of the prototype injector
is performed out in this paper, and the results show that the test results are close to
those of the established simulation model. Based on the proposed model, the dynamic
characteristics and internal flow characteristics of the injector are investigated.

2 Theoretical Methods

The proposed simulation model of the injector contains fluid filed and structure field.

2.1 Injector Configuration

The configuration of the pressure-driven swirling injector is presented in Fig. 1.
It consists of a switch valve and orifice. The switch valve consists of valve seat, valve

core, shell, spring, iron core, coils, and magnet yoke, and so on. The valve core is also
the armature. When the coil is not energized, the switch close and UWS cannot spray
out through the injector. When the coil is energized, the armature moves upward and the
UWS can spray out through the injector. Some parameters of the injector list in Table 1.

The movement of the valve core will affect the flow of the UWS, and the UWS also
has a mechanical effect on the valve core. The FSI model is established to study the
movement characteristics of the injector and the flow of the UWS. In FSI calculation,
the fluid model and solid model are respectively defined based on their material data,
structure parameters, boundary conditions, and so on.



Investigation on Internal Flow Characteristics 379

Shell

Valve 
core

Orifice

Coils

Magnet 
yoke

Iron core

UWS

Spring

Main 
gap

Valve 
seat

Front view

Bottom view

Flow 
channel

Swirl 
slot

Fig. 1. Configuration of the pressure-driven swirling injector.

Table 1. Parameters of the pressure-driven swirling injector

Symbol Parameter Value

p Rated pressure 0.9 MPa

f o Operating frequency 1 Hz

Q Rated flow rate 7.0 L/h

ga Main gap 0.1 mm

do Diameter of orifice 0.28 mm

l0 Length of orifice 0.25 mm

dv Diameter of valve 2.5 mm

θ Valve seat cone angle 90°

n Number of swirl channel 4

es Eccentricity of swirl channel 2.2 mm
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2.2 Fluid Part

2.2.1 Theoretical Foundation

The governing equation of fluid motion can be given as follow,

∂ρ

∂t
+ ∇ · (ρV) = 0 (1)

∂ρV
∂t

+ ∇ · (ρVV − τ) = fb (2)

∂ρE

∂t
+ ∇ · (ρVE − τ · V + q) = fb · V + qb (3)

where ρ is the density, V is the velocity vector, t is the time, τ is the stress tensor, f b is
the vector of body force, E is the specific total energy, q is the heat flux and qb is the
specific rate of heat generation [18].

2.2.2 Mesh Model and Boundary Conditions

It is critical to ensure grid nodal coincidence between two adjacent bodies to conduct
the FSI simulation. To simulate the displacement of the valve core, the moving mesh
technology is needed. If the triangular grid is adopted, it will greatly increase the number
of grid cells and computational expense. As a result, a mesh model with high-quality
hexahedral grids is created. The fluid model with hexahedral cells presents in Fig. 2.
Elements in fluid model are 3D 8-node cells.

The fluid model is calculated using the Spalart-Allmaras (S-A) turbulence model.
The S-A model is appropriate for simulating this type of problem, it has been used and
verified by some researchers to complete similar works [19–22].

The switch valve is periodically opened and closed, so it can be simulated using
the GAP boundary condition (GAPBC). In the initial state of the fluid domain grid, a
gap of 0.002 mm needs to be set between the valve core and the valve seat, it is shown
in Fig. 3. GAPBCs are applied on the specified interfaces between two adjacent fluid
fields. The GAPBC is a switch which can control the flow condition of fluid. When
the switch is opening, the fluid in two fields is connected across the interfaces and the
fluid variables are continuous. When the switch is closing, the fluid in two fields is not
connected and variables are discontinuous. The red arrow in Fig. 3 represents the flow
direction of UWS. Boundary condition of fluid structure interface (BCFSI) is applied on
all faces which adjacent to structure domain. The inlet and outlet face of fluid domain
are governed by pressure boundary condition.
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Fig. 3. GAPBC of the switch valve.

2.3 Structure Part

2.3.1 Theoretical Foundation

In analysis of structure model, the equilibrium equations can be expressed as follows,

MÜ + CU̇ + KU = R− F (4)

where M is the mass matrix, U is the displacement vector, C is the damping matrix, K
is the stiffness matrix, R is the external load, F is the force vector of nodal point.
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Fig. 5. Function of the valve core displacement.

2.3.2 Mesh Model and Boundary Conditions

The mesh model of the structure field is presented in Fig. 4. Cells in this model are
3D 4-node elements. The motion of the valve core is governed by a function, and it is
showed in Fig. 5. The BCFSI is also applied on all faces which adjacent to fluid domain.

The valve core is made of perm alloy. Water is used to replace UWS to conduct the
simulation and experiment. The parameters of the simulation model are set as shown in
Table 2.
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Table 2. Setting Parameters of the simulation model

Parameter Value

Elasticity modulus of perm alloy (GPa) 200

Passion’s ratio of steel 0.3

Bulk modulus of water (GPa) 2.2

Dynamic viscosity of water (Pa · s) 1 × 10–3

Density of water (kg/m3) 1000

Time step (s) 5 × 10–6

2.4 FSI Model

The governing equation of the BCFSI can be expressed as follows,

df = ds (5)

n · τf = n · τs (6)

V = ḋs (7)

where df is the displacement of fluid, ds is the displacement of solid, τ f is the fluid
stress, τ s is solid stress.

Obviously, the displacement of fluid nodes on the BCFSI can be worked out based on
the above equations, and then the other fluid nodal points can be calculated automatically
by program. The velocities of fluid nodes on the BCFSI are zero.

The fluid tractions are integrated into force vectors along the BCFSI and applied
onto the structure nodes. The equation can be expressed as follow,

F(t) =
∫

h · τf dS (8)

where h is the virtual quantity of the solid displacement [18].
The fluid and structure models are solved by the same one FSI solver. To work out

the coupling system, the iterative computing methods are adopted. Figure 6 presents the
flow chart of the FSI calculation. The initial value is τ 0

s = tτ s and d−1
s = d0s = tds.

2.5 Mesh Sensitivity

Six simulation models with different grid numbers are built and calculated. The jet
flowrate presents in Table 3. Clearly, when the number of grid cells exceed 97 200 it can
only make the results stable. To make the best compromise between the computational
cost and precision, the selected simulation model consists of 97 200 grid cells.
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Fig. 6. Flow chart of the FSI calculation.



Investigation on Internal Flow Characteristics 385

Table 3. The results of mesh sensitivity analysis

Item Mesh number (104) Mass flowrate (L/h)

Fluid domain Structure domain

Test 1 5.83 2.81 6.87

Test 2 5.83 3.94 6.95

Test 3 6.91 2.81 7.01

Test 4 6.91 3.94 7.01

Test 5 7.76 2.81 7.01

Test 6 7.76 3.94 7.01
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Fig. 7. Component photos of the test system.

3 Experiments

To verify the simulation model, a injector and test system are fabricated. Figure 7 shows
the component photos of the test system. The arrows represents the flow direction of
fluid. Table 4 lists the parameters of the test rig components. The flowrates of injector
are measured by the weighting method.
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Table 4. Parameters of the components of the test system

Range of electronic scale (g) 0–5000

Resolution of electronic scale (g) 0.01

0.5 1.0 1.50

5

10
Simulation
Experiment
Deviation

Inlet pressure (MPa)

Fl
ow

ra
te

 (L
/h

)

0

1

2

3

4

5

D
ev

ia
tio

n 
(%

)

Fig. 8. Relationship between the inlet pressure and injector flowrate.

4 Results and Discussions

4.1 Validation of the Simulation Model

The flowrate of the injector under different inlet pressure is calculated. The simulation
results and experiment results are presented in Fig. 8. When the pressure changed from
0.5 to 1.3MPa, the two flowrates are all proportional to the inlet pressure. The deviations
between the two flowrates under different conditions are less than 2%. The results show
that the simulation model is efficient.

4.2 Internal Flow of Injector

The pressure and velocity are important parameters to describe the internal flow charac-
teristics of the injector. The total pressure and velocity contours in internal flow domain
of injector are showed in Fig. 9.

At 5.02 ms, the valve is opening, and the pressure drop across GAPBC is nearly
0.1 MPa. At 6.22 ms, the valve is open and the maximum velocity at outlet is nearly
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Fig. 10. Pressure differences between the inlet port and outlet port.

39 m/s. At 7.67 ms, the valve will close, and the minimum velocity is at valve port. At
7.70 ms, the valve is close and negative pressure is produced at valve port. The fluid at
outlet continues to flow out. At 9.1 ms, the valve is close and the fluid at outlet nearly
stops flowing.

The pressure difference between the inlet and outlet port is shown in Fig. 10. When
the valve is open, the pressure difference is nearly 0.When the valve is close, the pressure
difference is nearly 0.9MPa. At 5.01 and 7.68–7.8 ms, the pressure differences are larger
than 0.9MPa. In the start of opening process and end of closing process, negative pressure
is produced at valve port and the vacuum is nearly 0.1 MPa. That means cavitation may
occur at the valve port. This phenomenon is harmful to injector.

4.3 Discharge Coefficient of the Injector

The flowrate of the injector can be calculated as follow,

Q = CdA

√
2�p

ρ
(9)

where Cd is the discharge coefficient, �p is the pressure drop across the orifice, A is the
cross-sectional area.

The discharge coefficients of the injector under different conditions are showed in
Fig. 11.When the inlet pressure increases from 0.5 to 1.3MPa, the discharge coefficients
of the injector increase lightly. When the lo/do increases from 0.5 to 2.5, the discharge
coefficients of the injector decrease lightly. When the es increases from 0.28 to 2.23, the
discharge coefficients of the injector unchanged. The results showed that the lo/do is the
main effect influenced the discharge coefficient.
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Fig. 11. Discharge coefficient of the injector under different conditions.

5 Conclusions

Apressure-driven swirling injectorwas presented and investigated. It consists of a switch
valve and orifice. To investigate the dynamic and internal flow characteristics of the
injector, a FSI model was built. A prototype injector was manufactured and tested.

Simulation results suggested that the flowrates of the injector under different inlet
pressure are close to the test results. The deviations between twoflowrates under different
inlet pressure were less than 2%. The test results show that the FSI model established
above can effectively simulate the kinematic characteristics and internal flow of the
injector.When the inlet pressure increased from0.5 to 1.3MPa, the discharge coefficients
of the injector increased lightly. When the lo/do increased from 0.5 to 2.5, the discharge
coefficients of the injector decreased lightly. When the es increased from 0.28 to 2.23,
the discharge coefficients of the injector remained unchanged. The results showed that
the lo/do is the main effect influenced the discharge coefficient. The results will provide
a theoretical basis for the design of the similar injector.
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Appendix 1

Notation

p: Rated pressure
f o: Operating frequency
Q: Rated flow rate
ga: Main gap
do: Diameter of orifice
l0: Length of orifice
n: Number of swirl channel
dv: Diameter of valve
θ: Valve seat cone angle
es: Eccentricity of swirl channel
C: damping matrix
ds: solid displacement
df : fluid displacement
F: force vector of nodal point
E: specific total energy
f b: vector of body force
K: stiffness matrix
M: mass matrix
qb: specific rate of heat generation
q: heat flux
R: external load vector
t: time (s)
U: displacement vector
ρ: density (kg/m3)
V: velocity vector of fluid
τ stress tensor
τ s: solid stress
τ f: fluid stress
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