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In this study, a method based on ejector technology is proposed to effectively sup-
press the infrared radiation associated with the exhaust gas of special vehicles
such as tanks, armored vehicles, and missile carriers. These vehicles emit exhaust
gases at very high temperatures. First, a mathematical model of the exhaust pipe
was established for the exhaust system of a certain type of special vehicle. Then,
the 3-D flow field outside the exhaust pipe was numerically simulated using FLU-
ENT 6.3 software. Thus, the temperature, pressure, and density of the exhaust-
gas-flow field before and after adopting the proposed ejector technique were ob-
tained. Second, the statistical narrowband model based on the Lorentzian profile
was used to determine the average absorption coefficient of a narrow band. Then,
the finite volume method was used to solve the radiation transfer equation in the
gaseous medium. Finally, the spectral radiation brightness and mid-infrared radi-
ation intensity distribution of the exhaust gas before and after adopting the ejector
technique were obtained. Results show that the proposed method considerably de-
creased the infrared radiation intensity of the exhaust gas by approximately 70%.
Thus, using the proposed ejector technology, the infrared radiation associated with
the exhaust system of special vehicles can be effectively suppressed.

Key words: ejector technique, special vehicle, exhaust gas, flow field,
temperature, infrared radiation, finite volume method

Introduction

Generally, special vehicles, such as tanks, armored vehicles, and missile carriers, re-
quire high power Diesel engines for propulsion. During the driving process, the temperature in
the exhaust pipe can become as high as 800 °C and that of the exhaust gas can become as high
as 500 °C and these temperatures are considerably higher than the temperature of the vehicle
body. The exhaust system of a vehicle is the region in which the highest density of infrared
radiation energy can be observed [1-3]. The high temperature exhaust gas of special vehicles
mainly includes CO,, H,0, CO, SO,, NO,, NO, HC, and C particles [4, 5], which enter the at-
mosphere to form a high temperature exhaust jet. When a fluid-flows into another fluid, there is
momentum exchange between the inflowing jet fluid and the original fluid. This effect causes a
part of the original fluid to move with the jet fluid. This phenomenon is called entrainment ef-
fect. With the increasing distance from the nozzle, the high temperature jet continuously mixes
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with the ambient air because of its entrainment effect on the atmosphere. The outer boundary of
this jet continuously expands to form a high temperature tail flow field. The high temperature
exhaust gas discharged from the exhaust system combines with the dust rolled up by the wheels
or tracks to form large pieces of hot soot exhibiting obvious infrared characteristics [6, 7]. With
the rapid development of the infrared detection and imaging technology, high temperature ex-
haust gas, and dust can enable the easy discovery and tracking of special vehicles via infrared
imaging systems, considerably threating the safety of such vehicles during wars.

Hence, the infrared radiation associated with the exhaust system of such vehicles must
be reduced. Therefore, this study proposes the ejector of cold ambient air to cool the exhaust
gas, reducing the infrared radiation intensity associated with the exhaust gas.

Calculation of the exhaust flow field
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® The Shaanxi Automobile 2190 chassis
Figure 1. Exhaust pipe models; (a) original manufactured by Shaanxi Automobile Group
exhaust pipe model and (b) proposed exhaust Co., Ltd. is widely used in special vehicles.
pipe model with ejector Its engine model is WD615.50, the engine dis-
placement is 9726 mL, and the engine power is 206 kW. Its exhaust system structure is similar
to those of other special vehicles. Hence, the Shanxi Automobile 2190 exhaust system was
selected as the research object in this study. In this system, the tail of the exhaust pipe is a 30 cm
long cylinder with a cross-sectional diameter of 10 cm. Accordingly, an exhaust pipe model
without the ejector technology was established, as shown in fig. 1(a). Further, a physical model
of the ejector exhaust pipe was established for this system based on the principle of injecting
cold air, as shown in fig. 1(b) [10]. In this model, the exhaust nozzle is circular with a cross-sec-
tional diameter of 10 cm, and both the ejector tubes have a diameter of 6 cm. The ejector tubes
bend at 120° and then enter the main exhaust pipe at an angle of 60°.

(a) (b)

Figure 2. Grid division of the flow-field calculation area; (a) original exhaust pipe model
and (b) exhaust pipe model after with ejector
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The FLUENT 6.3 software is used to numerically estimate the exhaust flow of a spe-
cial-vehicle exhaust system to obtain the spatial distribution of various parameters, such as
pressure, temperature, and gas component mole fraction, of the special-vehicle exhaust field.
First, the shape and size of the flow-field calculation area must be determined using GAMBIT
2.2 software. The shape of the area of the special-vehicle exhaust flow process is numerically
estimated to be a cylinder of length / = 180 cm and radius » = 30 cm. The flow-field calculation
areas of the original exhaust pipe model and the ejector exhaust pipe model is meshed, and an
unstructured tetrahedral grid is used, as shown in fig. 2. Then, the meshed model is imported
into FLUENT, and the initial parameters are established. Based on the combustion theory, the
mass percentages of N,, CO,, O,, CO, and H,O at the main inlet are 69.3%, 16.9%, 4.3%, 2%,
and 7.5%, respectively. Air is injected from the outside. It comprises N, and O, with mass
percentages of 75.6% and 24.4%, respectively. A speed of 10 m/s and a temperature of 400 K
were considered to be the mainstream (engine exhaust) inlet boundary conditions, whereas a
speed of 5 m/s and a temperature of 293 K were considered to be the secondary-flow (ejector
flow) inlet boundary condition. The nozzle wall was a non-slip frictionless insulating wall. Both
the outlet and far-field pressure boundary conditions were a total pressure of 101325 Pa and a
temperature of 293 K. Finally, the velocity entry boundary was considered to be the initial face
of the calculation, and the velocity value at the boundary was considered to be the initial value
when estimating the flow field. In the initialization calculation, both the outlet and far-field
pressure boundary conditions do not need to be considered.A non-slip solid boundary condition
is adopted for the outlet wall, and the wall surface is set as the coupling surface for the flow and
solids. The radiative heat transfer between the wall surfaces is not considered when calculating
the temperature field. The external air-flow is maintained constant, and the nozzle wall is insu-
lated without considering the thickness of the nozzle. The flow-field calculation was performed
using FLUENT 6.3 software via the couple implicit algorithm. The convergence accuracy was
107*. The distribution of the static pressure and static temperature of the exhaust gas can be ob-
tained when iterative calculations of the exhaust field performed using the FLUENT software
converged, as shown in fig. 3.
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Figure 3. Distribution of the static temperature of exhaust gas at the XOY face when Z =0 m;
(a) original exhaust pipe model and (b) proposed exhaust pipe model

The comparison and analysis of the exhaust-gas field distribution data with respect
to the exhaust pipe model before and after the installation of the ejector tube indicated that the
pressure of the exhaust gas field was only slightly changed. The pressure was maintained con-
siderably similar to the ambient value of 101325 Pa. In the proposed design, the temperature of
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the exhaust-gas field decreases rapidly at approximately Z = 100 cm. However, in the original
design, the exhaust plume temperature was observed to be as high as 330 K when Z= 180 cm.
The temperature of the exhaust-gas field decreases rapidly in the radial direction, but the den-
sity of the exhaust gas is lower than the gas density of the environment. The mole fractions of
H,0, CO, and CO; in the exhaust-gas field decrease rapidly in the axial direction, but the N, and
O, contents increase rapidly because of environmental influence.

Gas radiation transfer equation

In case of sufficient combustion, the exhaust gas of the special vehicle engine was
assumed to be almost free of solid particles. Therefore, the influence of scattering on infrared
radiation can be ignored. Then, the radiative transfer equation [11] can be simplified:

7
LT 5 (512, (7) 5 ()2, (5) m
where 4 is the central wavelength of the narrow band, 7'~ the position vector, s — the direction
vector a,(s) — the mean absorption coefficient of gas, L,(s, ) — the spectral radiation in the
s-direction of the microbody located at 7, and L,,(s) — the black-body spectral radiation in the
s-direction of the microbody.

In case of a statistical narrowband model based on the Lorentzian profile, the average
transmittance of the exhaust plume in a certain narrow band is calculated to obtain the mean
absorption coefficient. Then, the average transmittance [12, 13] # can be calculated:

_ kud o
t, =exp| —ku| 1+—— 2)

TA,.

where Ac, k, d, and u are the half-width, average absorption factor, line spacing, and optical
thickness, respectively. After obtaining the average transmittance 7;, the mean absorption coef-
ficient can be calculated [12]:

InZz(s,)

& =-— 3)

where s, is the mean physical length of the microbody.

The plume contains various gases that absorb infrared radiation. The absorption co-
efficient of each gas was determined and summed to obtain the total absorption coefficient of
the plume.

Calculation model of the
e —— - exhaust-gas infrared radiation

The cylindrical KA Calculation model of infrared
computational area '\’max \ . . .
, radiation brightness

i ; Based on the analysis of the exhaust core
i A N area, the exhaust temperature is the highest near
Fi 4 Exh indri ma*l the nozzle. However, the exhaust temperature
igure 4. Exhaust cylindrica decreases with the increasing radial and axi-
computational area . . .
al distances. Accordingly, the influence of the
plume on the absorption and emission of infrared radiation decreases. Therefore, the estab-
lished exhaust temperature Tlimit is considered to be the threshold value with respect to the

exhaust-radiation computational area, which can be modified by patching to obtain a cylindrical
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computational area [14]. The co-ordinate value
is considered to be Z,,. when the exhaust tem-
perature in the flow field is slightly more than
or equal to Ty in the direction of the z-axis.
Similarly, 7., in the radial direction can be ob-
tained. Then, Z,,,, and r,,,x denote the length and
radius of the cylindrical computational area, re-
spectively, as shown in fig. 4. Radiation trans-
mission can be estimated only in the cylindrical
computational area, and the exhaust infrared
radiation outside this area can be ignored.

The cylindrical computational area com-
prises grids, and Nr =10, N.= 16, and N, = 20,
as shown in fig. 5. The serial number of micro-
body P is (n,, n., n,), and the volume of the mi-
crobody is Vp.

The basic concept associated with the fi-
nite volume method is to ensure that the radiant
energy of the microcontrol body is conserved
with respect to each solid angle. Therefore, the
computational region and the 4x space must be
spatially discretized and angularly separated
[11]. Spatial discretization refers to the discret-
ization of the cylindrical computational area
into areas with control volume, V5, such that the
areas do not overlap. Angle dispersion indicates
the discretization of the 4x space into solid angles, £, that do not overlap with each other, as
shown in fig. 6. By integrating the radiation transfer, as shown in eq. (1), based on the control
volume, Vp, and the control solid angle, 2", and using the Gaussian formula, the finite volume
expression of the radiant energy conservation equation can be obtained:

| j L7 (s"n )AQ" = [ [[-@ (™)L} (") + @ (s" )L, (s")]dVdQ” 4

Q" 4, Q" Vp

Figure 6. Discrete space and solid angle

The radiation brightness set in the control solid angle, £2”, and the control volume, V5,
is equal, which is approximately represented by the value on the node P in the control volume.
The integral term on the right side of eq. (4) can be approximated using a numerical integral:

[ =@ (™ML (™) + @, (5" )L, (" AVAQ" = [~ L, + L

b, P

Q'y,Q (5)

Q" v

For each solid angle, the radiations on the relevant surfaces of the control body are
assumed to be equal and are approximately represented as L, ., at the integration point j at the

center of each outer surface of the control body. If the control body includes M areas and Q');
is the radiant energy obtained by the separation of the j plane with the solid angle ", then O

can be approximated:

o =4, j L (s"n)dQ" ~ 4L

le,j
o o

j (s"n,)dQ" = 4, L D! ©)
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where
D = [ (s"n,)dO2.
o

Equation (6) is used to sum the M faces (j =1, 2, ..., M) of the ring surface of the con-
trol body, the sum is substituted into eqs. (4) and (5) to obtain:

M
Z Ac,jL’ﬂ'.l,c,jD;'n = [_‘Z,PL:'{,P + &I,PLAb,P]VPQm (7
j=1

The radiation of the control surface of the external body is correlated with that
of the center of the control body by selecting the step-difference format. The subscripts
J=E, W, S, N, T, and B are used to represent the central node of the control bodies adjacent to
the control body P. Equation (7) can be re-written:

BoLly= Y, BIL+l ®)

J=E,W.S,N,T,B

For the detailed solution method involving b7}, b, and c7,, please refer to Ge et al.
[15]. Equation (8) can be solved via the biconjugate gradient stabilized method [7]. The radia-
tion intensity can be determined after estimating the infrared radiation brightness of the exhaust
using the finite volume method.

Calculation model of
infrared radiation intensity

The finite volume method is used to nu-
merically estimate the radiative transfer of the
exhaust gas to obtain the directional spectral ra-
diation brightness of the exhaust gas. The radia-
tion-intensity calculation formula must be used
to understand the radiation-intensity character-
istics of the exhaust gas, and the exhaust-gas
radiation intensity can be obtained by further
solving this formula.

Figure 7. Relative position of the outermost An arbitrary microcontrol body G locat-
surface normal of the area and the center of the . P
. ed at the outermost side of the cylindrical ex-
solid angle . .
haust-gas calculation area is selected, as shown
in fig. 7. According to the dispersion of the cylindrical exhaust-gas computation area, the area
A, of the outer surface » in the control body G can be calculated [16]:

A =1 ABAR )

The angle between the unit vector 7, at the center of the control body solid angle Q™
and the positive direction of the x-axis is 6", whereas that between the projection of 7, on the
YOZ plane and the positive direction of the z-axis is ¢™. Further, the angle between the normal
vector 7, of the outer surface of the control body G and r:

cos¢ =sin 8" cos(¢™ — f;) (10)
The spectral radiation intensity can be calculated:

ALL(0,p) = L,(0,p)cos pAA4 (11)
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By substituting egs. (9) and (10) into eq. (11), we obtain the following [10]:

AL (0", 9p") = L g, (0",9")sin 8" cos(@™ — B, )7, . APAR (12)
where L, ,(0", ¢™) is the directional spectral ra-
diation brightness of the outer surface n of the N
microcontrol body G. Based on the definition B

of the spatial step-difference format, the radi-
ation brightness of the outer surface n is equal
to that of the center of the control body G, i.e.,
LiG(0", ¢™). Ah —>

At a discrete height 4, in the cylindri-
cal exhaust area, NV, microcontrollers are pres-
ent on the outermost side, as shown in fig. 8.
The radiation intensity of the outer surface is
obtained. The circumferential discrete coding
of the microcontrol body G in the exhaust area — W —
is m.. Then, the radiation intensity of the outer  Figure 8. Schematic of the radiation
surface of the discrete cylindrical exhaust-sys- intensity of a cylindrical exhaust system
tem outer surface can be obtained [14]:

& 2mm
AL, (0",0") = L, . (0",¢")sin@" cos| p" — < \r ABAR
" L e N, (13)
o 2mm.| 7w
TN, |2

At a discrete height 4,,, when @ is constant, the radiation brightness of the outermost
surface of the cylindrical exhaust:

2n
L/,mz,m‘, (0’ ¢)) = Ll,mz,mL -1 (e’q)_V] (14)

where L;,,...(6, ¢) is the radiation brightness of the outermost circumferential surface dis-
cretely coded as (m., m.). Equation (13) can be simplified as follows if the radiation inten-
sity of the exhaust gas on a certain cylindrical surface is independent of the circumferential
angle ¢:

™m

AL, @)= Z L, . @",p")sing" cos(q)m - 2N < ]rmaxAﬂAh

c

(15)

Using eq. (15), for the radiation intensity in a certain band 4,~ 4,, the calculation ex-
pression can be obtained:

m Nl 2” m m . m m znmc
Al,, (6 => > L, , (0".¢")sin@" cos| " — 1 ABARAT
1 m(,:l NL. (16)
m 2Tm.| m
TN, |2

where Ay is the spectral interval of the absorption coefficient calculated using the narrowband
model.
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Calculation results and analysis
Spectral characteristics of infrared radiation

A control body coded as (9,4,11) on the surface of the calculation area is consid-
ered to understand the spectral radiation characteristics of the exhaust gas. The spectral radia-
tion curves of the center of the outer surface along the directions of 8 = 1/28 and ¢ = n/24, and
60 =13n/28 and ¢ = 117/24 are shown in fig. 9. This figure shows several clear radiation peaks on
the spectral radiation curve of the exhaust gas. The peak radiation wavelengths can be observed
at approximately 2.7, 4.3, 5.97, and 6.55. The spectrum is mainly the molecular spectrum of the
polyatomic molecular radiation of H,O and CO, because the main component of the exhaust
gas is a gas stream comprising H,O, CO,, and CO. In the infrared band, the exhaust radiation is
mainly generated because of the vibration of heteronuclear polyatomic molecules with inherent
dipole moments. The vibration forms are more complex in case of polyatomic molecules such
as H,O, CO,, and CO. Hence, their radiation shows distinct selective discontinuous spectra. The
CO, produces two strong absorption bands near 2.7 and 4.3 um, whereas H,O produces three
strong absorption bands near 2.7, 5.97, and 6.55 um. The radiation peak at 2.7 um can be attribut-
ed to the combined action of H,O and CO,. The

T 8:882 i e e radiation of the remaining gas components is
% 0005 i — relatively weak and does not significantly affect
~;‘ 0.004 F o, the infrared-radiation spectral characteristics of
£ 0003 the exhaust gas. Figure 9 shows that the spectral
& 0002 radiation brightness of the control body changes

0'00(1)' as the calculation direction changes. As the ra-

P 9  diation direction changes, the temperature and
optical path length of the radiation transmitted
Figure 9. Spectral radiant brightness of the th_rough the exhaust_gas area Change, Changing

microbody (9,4,11) in different directions the spectral radiation brightness [17].

8
Alum]

Infrared radiation intensity distribution

After estimating the radiation of the tail flame spectrum, the spatial distributions of
the radiation intensity of the special vehicle exhaust gas in the 3-5 pm band in the original pipe
model and the proposed model were calculated, and the results are shown in fig. 10. To clearly
compare and analyze the spatial distribution characteristics of the mid-infrared radiation inten-
sity of the special-vehicle exhaust before and after the application of the ejector technique, the
detection range in the XOZ plane of the symmetry plane is set between —n/2 and n/2 and the
detection interval is w/12. The infrared radiation intensity distributions in the exhaust of special
vehicles with and without the application of the ejector technique are calculated, as shown

a5 o
@) 000 r (®)

Figure 10. Spatial distribution of the radiation intensity of exhaust gas in the range of 3-5 pm;
(a) original design and (b) proposed design
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in fig. 11. This figure shows that the infrared
radiation intensities of the exhaust gas in the
axial direction (6 = 0) are 0.3035 and 0.0661
W/sr with and without the application of the
ejector technology, respectively. Thus, in this
direction, the exhaust-gas radiation is observed
to decrease by 78.2% when using the ejector T S A
technique. As @ increases, the infrared radiation 1o %% G0
intensity of the exhaust gas increases rapidly. k RN
In the vertical direction of the exhaust flow
(6 = m/2), the infrared radiation intensities of
the exhaust gas are 1.546 and 0.481 W/sr be-
fore and after the application of ejector tech-

—+— No ejector
—— Ejector

nique, respectively. Thus, in this direction, the 240 2;0
exhaust-gas radiation is observed to decrease ) ) )
by 68.9% when using the ejector technique. Figure 11. Exhaust-gas-intensity

. . distribution in the 3-5 pm band before
Data analysis showed that the infrared o w0 o application of the ejector

radiation intensity distribution of the vehicle  technique in the XOZ plane

exhaust is axisymmetric and that the infrared

radiation is the weakest in the axial direction. The infrared radiation intensity of the exhaust gas
considerably decreases by approximately 70% when the ejector technique is applied with re-
spect to the tail nozzle of the vehicle. This is mainly because the ejector technology introduces
cold air, considerably reducing the temperature of the exhaust gas. Therefore, the use of ejector
technology in the tailpipe of special vehicles will effectively suppress their infrared radiation.

Experimental verification

The ejector model was designed and processed based on the results of theoretical
calculations to verify the credibility of the numerical calculations. The Shaanxi Automobile
2190 exhaust system was the research object, and a dynamic test was conducted to suppress
the exhaust-gas infrared radiation by injecting air. The FLIR T630 thermal imaging camera was
used to evaluate the infrared characteristics of the exhaust pipe before and after injecting the
cold air, as shown in fig. 12. The infrared radiation of the exhaust pipe was observed to decrease
considerably with the ejector of cold air. Thus, the reliability of the theoretical calculation and
the rationality of the ejector model design were validated.

Figure 12. Infrared thermal images of the exhaust pipe before and after the ejector of cold air;
(a) before the ejector of cold air and (b) after the ejector of cold air



Feng, Y., et al.: A Method Based on Ejector Technology to Suppress ...
3312 THERMAL SCIENCE: Year 2021, Vol. 25, No. 5A, pp. 3303-3313

Conclusion

In this study, the exhaust flow field outside the exhaust pipe of a special vehicle was
numerically calculated before and after using the ejector technology. Based on this calculation,
the finite volume method and the narrowband model of gas radiation were used to estimate the
infrared radiation characteristics of the vehicle exhaust and its medium-wave infrared radiation
intensity distribution. The following conclusions were obtained by analyzing the calculation
results.
® Two radiation peaks are observed at 2.7 and 4.3 um within the atmospheric window of

3-5 um, the brightness is greater at the latter peak.

® The infrared radiation intensity distribution of the special-vehicle exhaust gas is axisymmet-
ric, and its infrared radiation is the weakest in the axial direction.

e The application of the ejector technology in the tail nozzle of a special vehicle considerably
reduced the infrared radiation intensity of the exhaust gas by approximately 70%. Therefore,
the usage of this technology in the tail nozzle of special vehicles will effectively suppress the
infrared radiation associated with such vehicles.
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Nomenclature
AL (0", ¢™) — radiation intensity of the discrete 4 — average transmittance, [—]
cylindrical exhaust outer surface
[Wsr'] Greek symbols
L;(s, 7) — spectral radiation brightness in the a,(s) —mean absorption coefficient of the gas, [-]
s-direction of the microbody located at 7, A — central wavelength of a narrow band, [pum]
[Wem2pum st Qm  —solid angle, [sr]
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