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Abstract: When spontaneous chaffs diffuse in air, numerous radiations are shielded, absorbed, and reflected between chaffs, and 
there is interaction between the chaffs and the air. This makes it relatively complicated to calculate radiation transmission. To 
calculate the spatial distribution and generate radiation images of spontaneous chaffs, a radiation calculation model based on 
reverse path sampling was constructed which takes account of the transmission characteristics of radiation. This model hypothe-
sizes that all detectors transmit light outward uniformly in the opposite direction of the radiation. After sampling statistics of light 
routes, the number and intensity of lights received by detectors along the radiation path were calculated. Next, a spontaneous 
combustion model of chaff was constructed. In this model, the effects of the porous structure of the chaff surface on the combus-
tion rate of reactive metals are considered. The accuracy of this model was proved by comparing calculated results with experi-
mental data. Finally, the spatial distribution of chaff clouds was calculated and their radiation images obtained. The results from 
the constructed model proved to be highly accurate when compared with measurement data from an experimental rocket sled. 
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1  Introduction 
 

With the development of infrared countermeas-
ure technology in air combat, a new generation of 
infrared decoys is represented by surface-type infra-
red decoys based on spontaneous metal chaffs (Viau 
et al., 2014; Lv, 2015; SAAB Technologies, 2017). 
Thousands of metal chaffs are ejected by the trigger 
mechanism at the release of infrared decoys. Chaffs 
diffuse in air and reactive metals coated on the chaffs 
combust spontaneously upon contact with oxygen, 
forming a radiation source in the air. This radiation 
source covers a certain area and presents a certain 
shape. 

The main difficulties in studying the radiation 
characteristics of spontaneous chaff clouds formed 
after the release of decoys are as follows. (1) Chaff 
clouds diffuse at high altitude and high speed. The 
diffusion shape of chaff clouds is difficult to deter-
mine because it is influenced by the wake field of the 
aircraft. To address this problem, many researchers 
have carried out detailed studies and constructed 
diffusion models of chaffs under the driving effect of 
a jet stream (Denison and Hookham, 1996; Lin and Li, 
2007; Li and Wang, 2009; Tong et al., 2015; Wang et 
al., 2015; Zou et al., 2016; Huang et al., 2018). (2) To 
expand the area of contact with air, chaffs have porous 
surface structures. Oxygen in air enters the chaff 
pores where it reacts with reactive metals. However, 
the reaction rate at high altitudes and changes in 
corresponding chaff temperature are difficult to de-
termine. Many studies of the combustion characteris-
tics of metals have been reported (Koch et al., 2011; 
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Gao et al., 2015; Liao et al., 2016; Wang et al., 2016), 
but few have discussed metal combustion behavior in 
porous media under a jet stream. (3) In spontaneous 
chaff clouds, there is mutual shielding, absorption, 
and reflection among thousands of chaffs, which 
makes the determination of the infrared radiation 
characteristics and the production of radiation images 
very difficult. Previous studies have covered the 
emission and shielding of decoys, but neglected mu-
tual absorption and reflection in chaff clouds. (4) 
Spontaneous chaffs interact with air in the ambient 
environment. These interactions may involve heat 
exchange between chaffs and air, chaff radiation ab-
sorption by air, chaff radiation scattering in air, and 
radiated emission of air. 

Results from some studies of the transmission of 
radiation in complicated shape structures have been 
applied. The transmission of radiation has been cal-
culated using a global illumination algorithm (Coiro, 
2013; Chang et al., 2015; Wu and Zhang, 2015; Wu et 
al., 2015). In addition to radiation received by an 
object surface from a light source, global illumination 
also has to calculate radiation reflected onto the object 
surface after interaction with other objects as well as 
the radiation emitted by the object. Previous global 
illumination algorithms have been based on Monte 
Carlo method, stochastic photon mapping, and 
point-based global illumination. Although these al-
gorithms have high accuracy, they incur high calcu-
lation loads. Radiation transmission has been calcu-
lated using the reverse Monte Carlo method (Everson 
and Nelson, 1993; Gao et al., 2013; Chen et al., 2014; 
Lan et al., 2015). In this method, a beam path is 
tracked in reverse from the detector, thereby enabling 
the determination of the number of beams entering the 
detector along the radiation emission routes. This 
method is based mainly on the principle of reciprocity 
in radiation transmission, and reduces calculation 
loads effectively relative to the positive Monte Carlo 
method. However, the reverse Monte Carlo method is 
still based on statistical principles and has compli-
cated calculations. 

In this study, the combustion and radiation 
characteristics of spontaneous chaffs during diffusion 
in air were determined. Key attention was paid to the 
combustion characteristics of spontaneous metals in 
porous structures under a jet stream, the shielding, 
absorption, and reflection of radiations among chaffs, 

and the interaction between chaffs and air. A calcula-
tion model based on a detector was constructed to 
calculate the transmission of radiation. This model 
not only considers reflection, adsorption, emission, 
and shielding between chaffs and air, but also reduces 
calculation loads effectively. It was proved to be 
highly accurate by a static chaff combustion experi-
ment and a dynamic experimental launch of a rocket 
sled emitting chaff clouds.  
 
 
2  Radiation calculation model based on re-
verse path sampling 

 
During the diffusion of chaff clouds in air, the 

infrared radiation characteristics of chaffs are obvious 
due to the high temperature caused by combustion in 
air. However, the transmission of radiation is com-
plicated due to the great number of chaff clouds. 
Firstly, there is considerable radiation shielding, re-
flection, and absorption among different chaffs 
(Fig. 1). Several typical interaction modes of chaffs 
were introduced by considering four chaffs. Suppose 
that Chaff1 emits a photon, Photon1, which has a 
wavelength of λ. R1 is the transmission path of Pho-
ton1. R1 is reflected by Chaff2 and Chaff3 and finally 
arrives at the infrared detector. Since the chaff sur-
faces are rough, reflections of radiation do not obey 
the law of specular reflection. Similarly, R2 starts 
from Chaff1 and is absorbed by Chaff2 after it is 
transmitted to the Chaff2 surface. R3 starts from 
Chaff2 and enters the air after reflection by Chaff3, 
but does not arrive at the infrared detector. R4 starts 
from Chaff4, points to the detector, and locates in the 
field of view of the detector. However, shielded by 
Chaff3, R4 fails to enter the detector. Secondly, chaffs 
can interact with air. These interactions may include 
heat exchange between chaffs, absorption and diffu-
sion of chaff radiation by air, and radiation emission 
of air. Heat exchange and radiation exchange between 
chaffs and the surrounding air are shown in Fig. 2. 
Similar to Fig. 1, suppose the chaff emits a photon, 
Photon1, which has a wavelength of λ. R1 is the 
transmission path of Photon1 which is finally ab-
sorbed by air at P1 after propagation for a certain 
period. R2 starts from the chaff and is diffused by air 
after propagation for a certain period. R3 and R4 are 
transmission paths of photons emitted through the 
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surrounding air to the outside. The surrounding air 
temperature is increased by heat absorption from 
chaff combustion, leading to more obvious infrared 
characteristics. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

2.1  Method 

In Fig. 1, only light rays which are in the field of 
view of the detector and which point to the detector 
can be sensed by the detector. For example, most 
lights of R2, R3, and R4 cannot enter the detector and 
can be neglected in calculation to save computation 
resources. Therefore, in theory, a global illumination 
algorithm can produce accurate infrared images of 
chaff clouds using positive statistics of the emission, 
absorption, reflection, and diffusion of each light and 
statistics of lights entering the infrared detector. 
However, that involves calculation of numerous un-
necessary lights, thereby increasing computational 
complexity. To solve this problem, a radiation calcu-
lation model based on reverse path sampling was 
constructed. In this model, we firstly hypothesized 

that the detector sends lights outward uniformly at 
different angles in the opposite direction of the radi-
ation. Secondly, the paths of each light are counted. 
Finally, the number and intensity of lights received by 
the detector in the direction of the radiation are  
calculated.  

The calculation method used in this study is 
based on ray tracing (Appel, 1968; Whitted, 1979; 
Nebel, 1998; Nikodym, 2010). Ray tracing is a 
method for displaying objects (Appel, 1968). The 
method randomly emits and tracks light in its field of 
view. When light R intersects with the object at point 
P0, n0 lights of R reflected by P0 can be obtained, and 
the n0 lights can be continued to be tracked. The 
corresponding radiation intensity of each light is ob-
tained through tracking, and then the corresponding 
relationship between the light direction and the pixel 
is established to obtain the infrared image. The algo-
rithm in this study combines ray tracing with a sam-
pling process based on reflection probability. 

The basic principle of the proposed radiation 
calculation model based on reverse path sampling is 
introduced briefly in Fig. 3. In this case, the infrared 
detector sends three lights R1–R3 (intensity is Id) in 
the field of view uniformly. R1 arrives at the Chaff2 
surface after propagation in air. Some of R1 is ab-
sorbed by Chaff2 and the rest is reflected. According 
to the law of reflection, the directions of reflected 
lights distribute with a certain probability. The bidi-
rectional reflectance distribution function (BRDF) 
model is used to describe such a probability (Geisler- 
Moroder and Dür, 2010; Yuan et al., 2010; Su et al., 
2014; Wu, 2015): 

 

1r r
BRDF i i r r

i i

d ( , )
( , ; , ; ) [sr ],

d ( , )

L
f

E

 
    

 
          (1) 

 
where L(r, r) is the radiation intensity of the re-
flected light, E(i, i) is the radiation energy of the 
incident ray, i and i are the angle of pitch and the 
azimuth angle of the incidence light, and r and r are 
the angle of pitch and the azimuth angle of the re-
flected light, respectively. sr−1 is the unit, and sr is the 
steradian for solid angle.  

The BRDF model has been studied extensively. 
In this study, the new Ward model was applied. The 
basic formula of the new Ward model is (Geisler- 
Moroder and Dür, 2010): 

Fig. 1  Radiation shielding, reflection, and absorption 
among different chaffs 

Fig. 2  Heat exchange and radiation exchange between 
chaffs and surrounding air 

Heat transfer 

Ambient air 
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The parameters in this formula and the reflection 

characteristics of chaffs calculated in this formula are 
shown in Appendix A.  

Since reflected lights occupy the whole space 
and cannot be calculated completely, some sampling 
directions were chosen according to the new Ward 
probability, and a total of Nr reflected lights were 
collected. Hence, Nr light transmission paths from R1 
can be gained (Rf1–Rf4 in Fig. 3). These Nr light 
transmission paths distribute according to the new 
Ward probability. Next, radiation arriving at the in-
frared detector along R1 was calculated along the 
opposite directions of these Nr light transmission 
paths. 

The radiation calculation was introduced based 
on R1-Rf1, as follows. Since Rf1 points to air, radia-
tion received by chaffs through R1-Rf1 is the sum of 
the radiation emitted by Chaff2, radiation from Rf1, 
and radiation reflected by Chaff2. Therefore, the ra-
diation intensity on Rf1 is  

 

R1-Rf1 R1-air n2 R1 Rf1 f R1-air[ cos (1 )] ,L L L L         (3) 

 
where Lni is the radiation intensity of Chaffi along the 
normal direction, R1 is the normal included angle 
between R1 and Chaff2, LRf1 is the air radiation in-
tensity along Rf1, ρf is the absorption rate of chaffs, 
and τR1-air and LR1-air are transmittances on R1 and the 
radiation intensity of air, respectively. Due to sam-
pling based on the new Ward probability, differences 
in the reflectivity of chaffs along different reflection 
directions are neglected in calculating all Nr trans-
mission paths derived from R1. Therefore, the total 
radiation intensity along R1 is 

 
r

R1 R1-Rf
1r

1
.

N

i
i

L L
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Since there are Nr transmission paths along R1, 

we obtain 

r

R1 Rf f R1-air n2 R1 R1-air
1r

1
(1 ) cos .

N

i
i

L L L L
N

  

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This is the calculation formula of radiation on 
Rf1. Note that the above cases all hypothesized 
Rf1–Rf4 entering into air. Therefore, LRfi is the at-
mospheric radiation from Rfi, which may still have 
intersections with chaffs (Rf5 in Fig. 3). Therefore, 
LRfi should be understood as the sum of chaff radia-
tion from Rfi and air radiation. Theoretically, calcu-
lation of radiation along Rf5 is the same as that of Rf1 
(Eq. (6)). However, the radiation intensity of Rf5 is 
decreased significantly after one reflection, and the 
light intensity for the second reflection by Chaff1 is 
very low. As a result, the secondary or subsequent 
reflections are neglected. In this way, the radiation 
intensity along Rf5 can be calculated by 

 

Rf5 Rf5-air n1 Rf5 Rf5-aircos .L L L                   (6) 
 

Parameters in this formula are similar to those in 
Eq. (5). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

If the infrared detector sends Nd lights Ri into its 
field of view uniformly, the radiation intensity of 
these Nd lights can be calculated from Eq. (5). On this 
basis, the infrared image of the scene in the field of 
view of the infrared detector can be obtained.  

2.2  Line of sight 

Infrared radiation which is emitted by the target 
enters the optical system of the infrared detector after 
propagation in air and is then reflected by the optical 
system, imaging on the focal plane of the detector. 

C2

Fig. 3  Basic principle of the reverse path sampling radi-
ation calculation model 
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The range of the field of view of the infrared detector 
is shown in Fig. 4, where θ1×θ2 is the angle of the 
field of view of the detector. For single pixel points on 
the focal plane, the received radiation range is actu-
ally a cone with a certain angle (shaded area in Fig. 4). 
For a specific infrared optical system, the cone of 
sight corresponding to each pixel point is fixed after 
the field of view is determined. If the optical distor-
tion effect of the imaging system is neglected, the 
cone of sight corresponding to each pixel point dis-
tributes uniformly in the field of view of the detector. 

 
 
 
 
 
 
 
 
 
 

 
A coordinate system (ODXDYDZD) of the detector 

is constructed to describe the cone of sight and sight 
equation corresponding to each pixel point. In Fig. 5, 
OD is at the center of the focal plane array. Axis ODXD 
points in the normal direction of the focal plane of the 
detector. Axis ODYD is in the focal plane of the de-
tector and is parallel to the bottom line of the focal 
plane array. Axis ODZD is also in the focal plane and is 
parallel with the other side of the focal plane array. 
Axis ODZD forms the right-handed coordinate system 
with the ODXD and ODYD axes. In the coordinate 
system of the detector, the midline equation of the 
cone of sight for pixel points at (0, y1, z1) can be de-
scribed as 
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                       (7) 

 
where ym and zm are the maximum y and z values, 
respectively, of the focal plane array in the focal plane 
coordinate system. The deduction process of this 
equation is shown in Appendix B. If the pixel number 
of the focal plane array is M1×M2, the angle of the 

cone of sight corresponding to each pixel point is 
(θ1/M1)×(θ2/M2). Therefore, the equation that covers 
all lines in this cone of sight can be expressed as: 
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When solving the infrared image produced by 
the detector, a brightness matrix must first be defined 
to record infrared radiation intensity received by each 
pixel point. Later, the infrared radiation intensity 
received by each pixel point is calculated and results 
are stored in the brightness matrix. Finally, brightness 
values in the matrix are quantized into grey values to 
produce an infrared image. Firstly, Np lines in a uni-
form distribution are produced according to Eq. (8). 
Subsequently, the infrared radiation intensity received 
by each pixel point is calculated from Eq. (5). The 
brightness mean of Np lines is used as the infrared 
radiation intensity received by this pixel point. 

Locations of the detector and target object are 
generally given in terms of the earth coordinate sys-
tem. For convenience of calculation, these coordi-
nates have to be transformed into the detector coor-
dinate system. Suppose that the coordinates of the 
detector and target are (xD, yD, zD) and (xP, yP, zP), 

Fig. 5  Schematic diagram of the detector coordinate 
system 

Fig. 4  Range of the view field of the infrared detector 
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respectively, in the earth coordinate system, the unit 
vector of the detector normal in the earth coordinate 
system is (nx1, nx2, nx3), and the unit vector of the 
y-axis of the detector coordinate system in the earth 
coordinate system is (ny1, ny2, ny3). Then, the coordi-
nates of the target aircraft in the detector coordinate 
system (xw, yw, zw) can be calculated by 

 

w P D 1 P D 2 P D 3

w P D 1 P D 2 P D 3

2 2 2 2 2
w P D P D P D w w

( ) ( ) ( ) ,

( ) ( ) ( ) ,

( ) ( ) ( ) .

x x x

y y y

x x x n y y n z z n

y x x n y y n z z n

z x x y y z z x y

            

        

(11) 
 
 
3  Combustion model of spontaneous chaff 
and experimental verification 

3.1  Combustion model of spontaneous chaff 

In this section, a combustion model of chaff is 
established to calculate the change of chaff tempera-
ture with time t. A surface-type infrared decoy usually 
adopts a surface porous structure to increase the 
contact area between a pyrophoric substance, com-
posed mainly of magnesium, and oxygen. If the heat 
conduction inside the metal is ignored, the energy 
change of the chaff is equal to the sum of the energy 
generated by combustion, the heat convection with air, 
and the heat emitted by thermal radiation. The for-
mula for calculation of the chaff’s energy change is 

 

Mgchaff con rad ,
QQ Q Q

t t t t

  
  

   
              (12) 

 
where Qchaff is the total heat of the chaff, QMg is the 
heat generated by combustion, Qcon is the heat con-
vection with air, and Qrad is the heat emitted by 
thermal radiation. According to Stefan-Boltzmann’s 
law, Qrad is proportional to temperature to the fourth 
power. 
 

4 4rad
a( ),

Q
A T T

t



 


                     (13) 

 
where A is the superficial area of chaff, σ= 
5.67×10−8 W/(m2K4) is the Stefan-Boltzmann con-
stant, ε is the emissivity of chaff, T is the temperature 

of the chaff, and Ta is the temperature of the air. 
Due to the large diffusion area of the chaff cloud, 

there is hardly any direct contact between the chaffs, 
but there is still heat exchange between them. Heat 
exchange occurs in two main ways: one is heat 
transfer between chaffs, with air as the conduction 
medium, which occurs mainly between chaffs and air; 
the other is the heat exchange between chaffs through 
heat radiation. However, due to the large diffusion 
area of the chaff cloud, the temperature change caused 
by these two factors is very small and can be ignored. 

As the chaff is flying, the surrounding air is 
driven to move because of its viscosity, which pro-
duces internal friction in air. This internal fraction 
heats the surrounding air. The heat convection with 
air can be described as 

 

con
x a( ),

Q
Ah T T

t


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
                       (14) 

 
where hx is the convection heat transfer coefficient, 
and hx can be calculated from (Bennett and Myers, 
1982) 

 
2 4
p af 6

x
f

0.332 .
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h
D




                      (15) 

 
where ρ is the air density, Vf is the velocity of chaff, Df 
is the diameter of chaff, cp is the constant pressure 
specific heat of air, a is the heat conduction coeffi-
cient, and μ is the dynamic viscosity coefficient of air.  

The chaff that makes up the surface-type decoy 
consists of an inert base and a pyrophoric substance. 
A surface porous structure is usually adopted to in-
crease the contact area between the pyrophoric sub-
stance and air. A sketch of activated material chaff is 
shown in Fig. 6. Suppose the thickness of pyrophoric 
substance is L and the number of pores in the surface 
porous structure is n. 

Experimental analysis shows that the spontane-
ous combustion rate of active metal (Mg) is related 
mainly to the environment temperature Ta, oxygen 
concentration C, chaff velocity Vf, and porosity ω. 
First, calculate the porosity of the active metal:  

 
2
h

2
f

,
nD

D
                               (16) 



Wang et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng)   2019 20(6):458-474 464

where Dh is the pore diameter. Assuming that the 
active metal and oxygen react uniformly on the sur-
face of the foil, when the total consumption volume of 

oxygen at time t is
2O ( )W t , the consumption of active 

metal (Mg) is 
2O ( )kW t , where k is the consumption 

ratio of Mg and O2. Suppose the thickness of the 
pyrophoric substance at time t is L(t), which can be 
calculated from 

 

2O Mg( )
( ) ,

LkW t M
L t L

m
                    (17) 

 

where m is the mass of Mg, and MMg is the molar mass 
of Mg. 
 
 
 
 
 
 
 
 
 
 

Oxygen in the air reacts with the active metal by 
diffusing into the porous structure. The diffusion 
includes volume diffusion and volume mass exchange. 
As the diameter of the pore is of the same order of 
magnitude as the mean free path of molecular diffu-
sion, the oxygen molecules keep colliding with the 
pore wall in the process of diffusion. This makes the 
volume diffusion coefficient very small, and the dif-
fusion resistance of oxygen in the pore very high. 
Therefore, the concentration of oxygen drops as the 
diffusion goes deeper, which reduces the reaction 
speed of spontaneous combustion. 

The mass flow rate of O2 per unit area is (Yan 
and Fan, 2016) 

 

2O

d
,

d

C
J D

z
                             (18) 

 

where D is the diffusion coefficient of O2, which can 
be calculated from 

 
1

2

h

1
,

6 π

RT
D D

   
 

                         (19) 

where R is the gas constant. 
The active metal generates an amount of heat by 

reacting with oxygen. Meanwhile, its own weight 
keeps decreasing. Thus, there must be an equilibrium 
relationship between energy and mass, which is re-
lated to the oxygen concentration and active metal’s 
temperature. The equilibrium of oxygen can be de-
scribed as (Wilharm, 2003) 

 
2

h
s2 2

f

4d
( ),

d

nDC C
D k C z

t z D
 
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

                (20) 

 
where ks is the reaction rate constant, and C(z) is the 
oxygen concentration at a depth of z, where z=L(t) 
represents the surface of the active metal and z=0 
represents the bottom of the active metal. 

Suppose oxygen in the pore reaches the equilib-
rium point rapidly, then 

 
d

0.
d

C

t
                                 (21) 

 
Combining Eqs. (20) and (21) gives  
 

2
h s

2 2
f

4 ( )d
.

d

nD k C zC

z D D
                         (22) 

 
At the bottom of the active metal (z=0), the ox-

ygen concentration and the reaction rate are both the 
lowest, and there is almost no oxygen flowing in, so 
one of the boundary conditions is 

 

0

d
0.

d z

C

z                                  (23) 

 
At the surface of the active metal (z=L(t)), the 

oxygen concentration and the reaction rate are both 
the highest. Oxygen flows into the pore by volume 
diffusion and volume mass exchange. Thus, the other 
boundary condition is 

 

 
2m O

d
| ( ) ,

d z L

C
D k C C z

z                      (24) 

 
where 

2OC  is the oxygen concentration in the envi-

ronment. km is the volume mass exchange coefficient, 

Fig. 6  Sketch map of activated material chaff 
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which can be calculated from (Bennett and Myers, 
1982) 
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                    (25) 

 
where p0 is the standard atmospheric pressure, and T0 
is the standard atmospheric temperature.  

By integrating Eq. (22) with boundary condi-
tions Eqs. (23) and (24), the oxygen concentration at a 
depth of z is 
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The heat generated by combustion QMg is 
 

2Mg O ,Q HJ S                             (29) 

 
where ΔH is the reaction enthalpy of Mg combustion, 
and S is the pore area:  
 

h( )π .S nL t D                             (30) 

 
Based on the above analysis, the heat balance 

equation of chaff can be expanded as 
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The consumption of oxygen can be calculated 

from 

2
( )O h s

h 20
f

( )
4 ( )π d .

L tW D k nC z
nL t D z

t D




           (32) 

 

3.2  Simulation calculation and experimental  
verification 

The above combustion model was applied to 
calculate the temperature change curve of chaffs. The 
values of parameters are shown in Table 1. 

Fig. 7 shows the calculated temperature curve. 
The abscissa is the duration of combustion of the 
chaff, and the ordinate is the combustion temperature. 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

The temperature climbs quickly after chaff 
combustion begins, reaching the maximum (893 K) at 
about 1.3 s. Subsequently, the temperature drops 
slowly, decreasing to room temperature after about 
6.0 s. 

The accuracy of the radiation calculation model 
based on reverse path sampling was verified by a 
chaff static combustion experiment. The combustion 
temperature of the reactive metals was tested using an 

0 1 2 3 4 5 6
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Fig. 7  Calculated combustion temperature curve 

Table 1  Value of each parameter in the chaff tempera-
ture calculation 

Parameter Value 

Pore diameter, Dh (m) 1.24×10−6 

Chaff diameter, Df (m) 0.0465 

Rate constant, ks (cm/s) 0.03 

Emissivity, ε 0.85 

Activated metal weight, m (g) 0.6 
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SC7700MW thermal infrared imager with a working 
waveband of 3–5 μm and a field of view of 11.0°×8.8°. 
Reactive metal chaffs faced the thermal infrared im-
ager directly from a distance of 10 m. The parameters 
of all chaffs used in the experiment were the same as 
those listed in Table 1. The thermal infrared images of 
reactive metals at 1.5 s measured by the imager are 
shown in Fig. 8. Chaff temperatures at different times, 
calculated from radiation intensity measured by the 
thermal infrared imager, are shown in Fig. 9. The 
percentage error between the test temperature and the 
calculated temperature is shown in Fig. 10. The error 
between the calculated result and the measured result 
was controlled within a certain range, and the main 
error occurred in the rising temperature stage and the 
high temperature stage. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.3  Calculation of air temperature surrounding 
chaffs 

A spatial dispersion algorithm based on finite 
volume, and a linear interpolation algorithm based 

on spatial second-order accuracy, were applied. The 
time discretization was accomplished by the back-
ward difference method of second-order accuracy. 
Inlet, outlet, and outer walls of the calculation do-
main were all set far from the field of pressure. The 
chaff surface was assumed to have slippage-free 
walls, and the shear-stress-transport (SST) turbu-
lence model was used (Huang et al., 2018). Since 
round chaffs have no sideslip angle, the ambient 
temperature field when the angle of attack of chaffs 
was 0°–90° was calculated by the computational 
fluid dynamics (CFD) algorithm at a step length of 
5°. Based on calculation results, a temperature field 
database was formed. The temperature field projec-
tions of the lateral and front views of chaffs when the 
angle of attack was 30° are shown in Figs. 11 and 12, 
respectively. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4  Radiation calculation of chaff clouds and 
experimental verification 

4.1  Experimental methods and results 

The validity of the model was verified by an 
experimental launch of a surface-type infrared decoy 
rocket sled. The diffusion laws of chaff clouds were 
tested using an FLIR SC3000 thermal infrared imager 
and an FTIR MR304 infrared spectrometer. The pa-
rameters of these two test machines are listed in  
Table 2 (p.468). The experiment layout is shown in  

Fig. 8  Thermal infrared images of reactive metals at 1.5 s

Fig. 10  Curve showing the error between the measured 
and the calculated temperatures 
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Fig. 9  Tested chaff temperatures at different times 
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Fig. 11  Temperature field (unit: K) projections of the lateral view at different times: (a) 0.2 s; (b) 0.5 s; (c)1.0 s; (d) 1.5 s

(a)                                                                                                 (b) 

(c)                                                                                                 (d) 

Fig. 12  Temperature field (unit: K) projections of the front view at different times: (a) 0.2 s; (b) 0.5 s; (c)1.0 s; (d) 1.5 s

(a)                                                                                                (b) 

(c)                                                                                                (d) 
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Fig. 13. A total of 1000 chaffs were compressed hor-
izontally and loaded into the launch tubes in a packet 
of infrared decoy. There were three launch tubes in 
the rocket sled, each installed with one packet of 
interference loads. Launch tubes were installed ver-
tically on the rocket sled, and the launch speed was 
25 m/s. Chaffs were coated with spontaneous reactive 
magnesium (Mg). Without physical cohesion between 
chaffs, all chaffs diffuse after the launch and combust 
spontaneously in air. The effects of the reaction heats 
produced by spontaneous combustion of chaffs on 
chaff diffusion can be neglected. In this way, infrared 
images of chaff clouds can be gained by the thermal 
infrared imager and the spectral characteristics of 
chaff clouds can be tested by the infrared spectrom-
eter. The rocket sled ran in a horizontal orbit, 3 km 
long. Two test machines were located 194 m and 
300 m, respectively, away from the orbit. The in-
cluded angles between the central line of the fields of 
view of these two test machines and the positive side 
of the orbit were 0° and 53.1°, respectively. The  
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

rocket sled was ignited at the rightmost side of the 
orbit and launched the interference loads at a speed of 
0.6 Ma (Mach) when it ran to the center of the field of 
view, 1100 m away.  

Images of partial chaff clouds captured by the 
SC3000 thermal infrared imager are shown in Fig. 14. 

The spectral characteristics of chaff clouds 
tested by the MR304 infrared spectrometer at 1.5 s are 
displayed in Fig. 15. When calculating the spectrum, 
the background radiation is removed, but since the 
atmospheric attenuation on the chaff cloud radiation 
transmission path cannot be ignored, the figure shows 
the spectrum of the chaff cloud after attenuation by 
the atmosphere. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Field range 

Field range 

Field range
Foil cloud 

0.6 Ma 

MR304,
spectroradiometer,

field angle: 75 mrad

SC3000, 
20°×15° 

53.1° 

Fig. 13  Experimental schematic 

Table 2  Parameters and relative locations of infrared 
radiation thermal imagers 

Parameter 
Description 

MR304 SC3000 

Type Thermal 
infrared 
imager 

Infrared 
spectrometer

Field of view 75 mrad 20°×15° 

Test angle 53.1° 0° 

Distance between im-
ager and test region 

300 m 194 m 

Fig. 14  Images of chaff clouds captured by the SC3000 
thermal infrared imager at different times: (a) 0.5 s; (b) 
1.0 s; (c) 1.5 s; (d) 2.0 s 

(a)                                            (b) 

(c)                                            (d) 
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Fig. 15  Spectral characteristics of chaff clouds tested by 
the MR304 infrared spectrometer 
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Based on the images obtained, the chaff clouds 
were oval in shape during the diffusion process. The 
diffusion area expanded gradually as time went on. 
The brightness first increased and then decreased, 
while the brightness center gradually shifted back-
wards. The spectra of the chaff clouds reached 
maximal points at 2.0, 3.1, 4.3, and 8.0 μm (Fig. 15). 
They fluctuated mostly at 1.0–1.5 μm and the maxi-
mum peak was observed at about 3.1 μm. The max-
imum spectral radiation intensity was about Imax= 
2363.8 W/(sr·μm). 

4.2  Simulation calculation results and error 
analysis 

Given the same conditions as those in the ex-
periment, the radiation of the chaff cloud formed by 
1000 pieces of spontaneous chaffs was calculated by 
combining the radiation calculation model and the 
chaff combustion model. Since this study focused on 
modeling the radiation characteristics of chaff clouds, 
a diffusion model of a chaff cloud was not established. 
Instead, the diffusion model established by Huang et 
al. (2018) was adopted. The grey infrared images of 
the calculated chaff cloud are shown in Fig. 16. The 
rule of Sun and Wang (2017) is used to convert in-
frared radiance into gray value. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Some parameters gained from analysis of the 
above images are listed in Table 3. The total pixel 
number of the four images was 300×200. 

The infrared spectral characteristics of the chaff 
cloud at 1.5 s are shown in Fig. 17. To simulate the 
conditions consistent with Fig. 15, the background 
radiation was not calculated, and only the spectral 
radiation characteristics of the chaff cloud through 
atmospheric attenuation were calculated. 

Fig. 16 and Table 3 show that the chaff cloud in 
the simulation presented a long elliptical diffusion  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 3  Some parameters of the calculated chaff cloud 

Parameter Description of parameter 
Value 

0.5 s 1.0 s 1.5 s 2.0 s 

Area (pixel) Pixel occupied by the main 
body of the chaff cloud 

95 375 1385 1627 

Bounding box  
(pixel) 

Pixel of the minimum rec-
tangle enclosing the main 
body of the chaff cloud 

19×8 39×17 68×33 62×40 

Major axis 
length  
(pixel) 

Length of the long axe 19.10 34.86 68.08 61.97 

Minor axis 
length  
(pixel) 

Length of the short axe 6.94 14.81 26.57 34.34 

Perimeter 
(pixel) 

Perimeter of the main body  
of the chaff cloud 

45.33 92.73 172.80 186.84 

Physical size 
(m) 

Actual size of the outer rec-
tangle of the chaff cloud 

15.2×7.2×5.7 35.1×15.3×12.2 55.1×29.7×25.4 56.8×36.5×30.3

Maximum 
infrared  
radiance 
(W/(sr·m2))  

Maximum brightness of the 
chaffs 

12.29 38.68 53.20 47.35 

Fig. 16  Grey infrared images of the calculated chaff cloud 
at different times: (a) 0.5 s; (b) 1.0 s; (c) 1.5 s; (d) 2.0 s 

(a)                                             (b) 

(c)                                             (d) 
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pattern. The diffusion area expanded gradually with 
time and the center of brightness shifted backwards. 
According to the maximum infrared radiance data 
(Table 3), the maximum value was achieved at 1.5 s. 
The spectra of the chaff cloud developed maximal 
points at 1.4, 1.9, 3.1, 4.3, and 8.0 μm (Fig. 17). The 
peak was achieved at about 3.1 μm and the maximum 
spectral radiation intensity was Imax=2418.5 W/(sr·μm). 

A comparison between the experimental results 
and the calculation results of spectral radiation inten-
sity is shown in Fig. 18. The error curve is shown in 
Fig. 19. Obviously, the general trend of the simulation 
results conforms to that of the test results, showing 
high agreement in the middle and long wavebands. 
Error in the short waveband was caused mainly by the 
poor ability of the simulation to reflect high- 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

frequency fluctuation in the measurement results. The 
maximum error point was at 4 μm. Since the wave-
length range of these errors was small, they had little 
effect on the overall results. Based on the integration 
of spectral radiation intensity, the total radiation in-
tensity gained from the experiment of the 1–11 μm 
waveband was Itest=6055.8 W/sr, whereas the total 
radiation intensity gained from the simulation was 
Icalculation=6628.2 W/sr. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5  Conclusions 

 
In this study, the combustion and radiation 

characteristics of numerous spontaneous metal chaffs 
during diffusion in air were analyzed. A radiation 
calculation model and a combustion model were 
constructed, through which the radiation images and 
spectral characteristic curves of a spontaneous chaff 
cloud were obtained. These radiation images and 
spectral characteristics were compared with experi-
mental results. Some major conclusions could be 
drawn:  

1. The temperature climbed quickly after the 
combustion of chaffs and reached the maximum at 
about 1.3 s. Subsequently, the temperature dropped 
slowly and decreased to room temperature at about 
6.0 s. 

2. The chaff cloud presented a long elliptical 
diffusion pattern. The diffusion area expanded  

Fig. 17  Grey infrared images of the calculated chaff cloud
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results 
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gradually with time and the center of brightness 
shifted backwards.  

3. The spectra of the chaff cloud developed 
maximal points at 1.4, 1.9, 3.1, 4.3, and 8.0 μm. The 
peak was achieved at about 3.1 μm and the maximum 
spectral radiation intensity was Imax=2418.5 W/(sr·μm). 

4. The maximum total radiation intensity gained 
from the simulation of the 1–11 μm waveband was 
Icalculation=6628.2 W/sr.  
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Appendix A: Parameters in Eq. (2) and re-
flection characteristics of chaffs 

 
In Eq. (2), i and r are the incident and reflected 

angles, i, r, and h are the azimuth angles for the 
incident, reflected, and halfway vectors, respectively, 

α and β are the roughness values equal to 2  times 
the standard deviations in the perpendicular directions 
of the 2D Gaussian distribution, ρs is the specular 
reflectance, and δ is the angle between the surface 
normal and the halfway vector.  

If the azimuth angle i=0, the specular reflec-
tance ρs=1, the incident angle i=0, π/8, π/6, and π/4, 
and the roughness values α=β=0.2 and 0.4, respec-
tively, the values of probability obtained by the new 
Ward method fnewWard under different azimuth angles 
and pitch angles of reflected rays calculated accord-
ing to Eq. (2) are shown in Figs. A1 and A2. 

 
 

Appendix B: Deduction of Eq. (7) 
 
If the midline vector in the cone of sight of the 

pixel point P1 at (0, y1, z1) is n=(nx, ny, nz), the equa-
tion of the spatial straight line is 
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If sight lines of each pixel point distribute uni-

formly in the field of view of the infrared detector and 
ym is the maximum y value of the focal plane array in 
the focal plane coordinate system, the included angle 
between point P1 and the XOZ plane is 
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Similarly, the included angle between point P1 

and the XOY plane is 
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This equation brought into Eq. (B1) gives 
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Fig. A1  fnewWard under different azimuth and pitch angles (α=β=0.2): (a) i=0; (b) i=π/8; (c) i=π/6; (d) i=π/4 

Fig. A2  fnewWard under different azimuth and pitch angles (α=β=0.4): (a) i=0; (b) i=π/8; (c) i=π/6; (d) i=π/4 
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When y1=0, the sight lines are in the XOZ plane 

and the equation of the straight line can be expressed 
as 
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Similarly, the equation of straight line z1=0 is 
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By combining Eqs. (B3)–(B5), the midline 

equation of the cone of sight for the pixel points at 
(0, y1, z1) can be described as 
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中文概要 
 

题 目：高速气流作用下自燃箔片云团的辐射特性计算与

实验研究 

目 的：当自燃箔片云团在空气中扩散时，自燃箔片云团

之间存在大量的对辐射的遮挡、吸收和反射作

用，并且箔片与空气之间也会发生相互作用，这

使得辐射传输计算变得更加复杂。本文旨在计算

自燃箔片云团的辐射特性并生成辐射图像。 

创新点：建立自燃箔片云团的辐射计算模型和燃烧模型，

并得到辐射图像和光谱特性曲线。 

方 法：1. 针对辐射的传输特点，建立一种基于反向路径

采样的辐射计算模型；该模型假设探测器按照辐

射的反向均匀向外发射光线，采样统计各光线的

路径后，正向计算探测器接收到的光线数量与强

度。2. 考虑箔片表面的多孔结构对活性金属燃烧

反应速率的影响并建立箔片的自燃模型；将计算

结果与实验数据进行对比，验证该模型的准确

性。3. 计算得到箔片云团的光谱分布并生成辐射

图像。 

结 论：1. 箔片燃烧后温度迅速攀升，并在 1.3 s 左右达到

最大值；随后，温度缓慢下降，并在 6 s 左右下

降到接近环境温度。2. 箔条云扩散后呈椭圆形，

扩散区随着时间的推移逐渐扩大，且亮度中心向

后移动。3. 箔条云的光谱辐射强度极大点位于波

长 1.4、1.9、3.1、4.3 和 8.0 μm 处，并且在 3.1 μm

时达到最大值。 

关键词：箔片云团；辐射计算；光谱辐射特性；活性金属；

自燃 

 
 


