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Calculation of Exhaust Plume’s Infrared Radiation
Based on Narrow–band Model

MA Qian-li,TONG Zhong-xiang,ZHANG Zhi-bo, MA Bang

(Aeronautics and Astronautics Engineering College, Air Force Engineering University, Xi’an 710038, China)

Abstract: The calculation of exhaust plume’s infrared radiation is an important part of the calculation

of infrared radiation of an air vehicle. On the basis of an engineering calculation model of flow field

in exhaust plume, the calculation of gas component parameters of a nozzle is implemented in terms of

the chemical reaction of combustion. A fast calculation method of exhaust plume’s infrared radiation

is obtained by utilizing the C-G approximation method based on a Malkmus narrow-band model. The

simulation result shows that the method can calculate the infrared radiation in exhaust plume fast and

accurately. It can provide an effective approach for the calculation of infrared radiation of an aircraft in

the simulation of an infrared guided missile.
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 !,��# C-G �"�	Æ�	�����

����������

1 klmCno
���# ������������

�	��������#��-.��� ��

/#���/����� CFD #����#�

�$%-+�!%��&	"�&����	'

(0$����	)'"	
���$�#)�

�(����!"����)#$	0*	�

�#(	��1�%*�&����� [7] �

1�%*��������	����

�2+�#*� +��	�Æ 1 �,	'

-�(2+�3�+���'�# �,-

.�/(.�!"�����#�' )$%

/(.4# (	4#) #�#�4#%.��.

	�4#�' 5��2+��� xc #�4#

" Ox &�0$ (��1�$)α �
�2+�#

*�	!%�0*�*���#5��

+ 1 ,/1,-.2%6370'+

�(�&8� �� Ta 	�&8�1��

/�(����9� g∗H2O �g∗CO2
�g∗N2

# g∗O2
	

�#��� �� T0 	'�� P0 	�#��1

��/�(����9� g′H2O � g′CO2
� g′N2

# g′O2
�4�0��:;5'	������!

�)$2$	��� �#6�/�(���

������

(1) 2+�/(.

T = Ta

gi = g∗i (1)

(2) 2+�7$.

T = T0 + (Ta − T0)(1 − ξ1.5)1.4

ξ = (r − rc)/rm (2)

gi = g′i + (g∗i − g′i)(T − T0)/(Ta − T0)

(3) *�

T = T0 + (Ta − T0) · [1 − (r/rm)1.5]1.4

·{[8.92(Vnozzle − Vplane) + 0.4]r/[x(1 − λ)]}0.7 (3)

gi = g′i + (g∗i − g′i)(T − T0)/(Ta − T0)

 (1) � (2) # (3)�	T �8�8� �	

gi � i ��/�(���	 g∗i � i ��/��

&8�(���	 g′i � i ��/�����(

���	 r0 <,�����&�1(	 rm <,

7$.�9�	rc <,/(.�9�	Vplane <

,�&3��&4� (=1�):�) 	 Vnozzle

�����&8���4� (=1�):�) �

8����2�*+��&����5Æ

��	&,>!%�%��-.��6*�%

���7*$	!-4���� +#���

�	�4�����+"3�?����;�

<��%.	&*�$�

C8H16 + 12αO2 + 48αN2

⇒ 8H2O + 8CO2 + 48αN2 + 12(α − 1)O2 (4)

% (4)-.��� CO2 �O2 �N2 �5Æ��

�

FCO2 = FH2O = 2/(1 + 15α)

FO2 = 1.5(α − 1)/(1 + 15α) (5)
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FN2 = 1 − FCO2 − FH2O − FO2

� α �����	<@�

α =
1

f · L0
(6)

�	 f ���+	 f = Qα/Qf ���"��

,����+,	*�8 f = 0.0159(JT8D ��

�) 
 L0 ��2���� 	���� 1 kg ��

,����2����	8 L0=14.7 kg/kg �

% (5) # (6) -(	CO2 # H2O �5Æ

��� 0.0307��-��4AB	�*5�$2

$	 JT8D ��������%��� CO2 #

H2O�5Æ���&�9� 0.0358# 0.0343�!

"8��69$..����2� [8] �

�.���=/0$2$	�&):��

0.8	����&1:8��� �� 900 K	'

0� 1 MPa 	�� �� 288 K 	����4�

500 m/s 	-.�� 7�Æ 2 �,�4�;�

���(�����+ 0.0227	-.�&8>3

;��</��5Æ��� 0.0435	C?-.�

Æ 3 #Æ 4 �,����#�>3;�#</

����/Æ�

+ 2 ,-DE8937+

+ 3 @:A=>B3?D37+

+ 4 @0A>B3?D37+

2 klpqDrEsFnotu
���/��5���� !,����

�=�7!, (SLG)���15!,��#2�

�F�7��/ (Malkmus)�������%�=

23�/���5���>%� C–G(Curtis–

Godson)�"���	? Malkmus ��" C–G�

"�;�$-.��&!%�4C [9] �#)	

*�<�	 Malkmus ���

2.1 GH Malkmus IJKLMNOPQRS

T

Malkmus �� [10,11] ���3�	����

��	D��4����/C ���5%��

����
�E67�7�/	Malkmus ���

*B�45!,���G!,6�� 25 cm−1 #

87���=C78�4�>$� 10%�	�&

�4?>H�C�7!79@��5�	�,

6� 10 cm−1 ��/'0�� 0.1 +��'�	

Malkmus  ,���>$?� 1% �� Malkmus

���	D2A�7�<@�

τ̄�η = exp

[
− 2d

γ̄

d̄

(√
1 + xplk̄

d̄

γ̄
− 1

)]
(7)

�	 x ��7�5ÆI��
 p ��/	�

'� (=1��!��') 
 l ���:( (=1

� cm) 
 k̄ �!,	D2=C��
 1/d̄ �!,

	D2!7E�
 γ̄ �!,	D216� k̄ #

1/d̄>9��!'0$�F!# ��>B�

�< (!,��5�9) 	F��!��J,-

.�?!,	D216!��$:��%*�

&�� [12] �

γCO2
=

p

pS

(
TS

T
)0.7
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[0.07x
CO2

+0.058(1−x
CO2

−x
H2O

)+0.1x
H2O

]

γH2O =
p

pS

{
0.462xH2O(

TS

T
)+(

TS

T
)0.5

[0.079(1−x
CO2

−x
O2

)+0.106x
CO2

+0.036x
O2

]}

γ
CO

=
p

pS
{0.075x

CO2
(
TS

T
)0.6 + 0.12x

H2O
(
TS

T
)0.82

+ 0.06(
TS

T
)0.7(1− x

CO2
− x

O2
)} (8)

�	 pS # TS �9� 1atm # 296K 	 xH2O �

x
CO2
# x

O2
<,&�<�>3;�#3��5Æ

���

2.2 GH Malkmus IJKULMNOPQR

ST

�� Malkmus ��!-:;��23�/

�A�7	"����/GC��=23�

C �/	#)KD�� C–G �"
���&

.�EG�� Malkmus ��� C-G �"�

�&��	&D2A�7�

τ̄ ′
�η = exp{−2(

γ

d
)eq[

√
1 + (

∑
xipili)keq/(

γ

d
)eq −1]}

(9)

8"23�/A�7�<@5	" k̄ # γ̄
d̄

%F:(��
, keq # (γ
d )eq �G	�
,�

��*�

{
keq =

∑
xipiliki/

∑
xipili

(γ
d )eq =

∑
xipiliki(γi

di
)/

∑
xipiliki

(10)

�	 x � p � l � k � γ # d �5��;<*

 (7) 	$� i <,���=23�/:(�L

i H�
��5��

3 klvwVxnoWX
������/��	<��=�M�<

=	
�>3;�#</��H	&����

�$�H�� 2.7 µm # 4.3 µm ��,�%):

����#����!+	���C .��

H��/(.#&7I�	��.>���4

��"�	I�30$:;I�&��	KDN

��I�;
O .�#)	�������K

DC���4#
+	8P��&A�7#��

��

�	��J;�������	��;

Q>:���QJ�&� (�Æ 5 �,) 	�D

�Q>:�K�KL?�:?	�*+L7�

��7*$	)M@��-.��;:?�

( (A �) �L7"Q>:� +?� (B �#R

�) ���� +?�	!-�L7N����

�?�AK�� n P	�Æ 6 �,��D�@

P�NBB�C�.>BB�	�O�#��

��	��-.8P� ��'0#�����

Q>:����⎧⎪⎪⎨
⎪⎪⎩

y2 + z2 = (r0 + x tan α)2 0 < x < L

y2 + z2 ≤ r2
0 x = 0

y2 + z2 ≤ (r0 + L tanα)2 x = L

(11)

�	 r0 ���&�1(	 L ������	

α ����#������A�$�NBB�

(x, y, z) .>BB� (x′, y′) �C����{
x′ = x

y′ =
√

y2 + z2
(12)

+ 5 ,-DBCPJ

+ 6 3SPJ

�K�"����A�O!,���	�

�-.F!��A�7	�D��DQ���

:T��	�!-.;�A�F!������

(:?�L7���KD:M� A 	RE&F

!�������*�

Iλ = A

n∑
k=1

Mb,k,λ(Tk)(τk−1,λ − τk,λ)/π (13)
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�	 Mb,k,λ(Tk) � �� Tk �N/�F!�

�0	!-��SFG*����5	;M

�	��E/�������*�

Iλ1∼λ2 =
∑

j

λ=λ2∑
λ=λ1

Iλ,j�λ (14)

�	 j 2��Q>:�L j H?�

4 oyzY{
�.����&4�� 0.8 Ma 	0HD 

�� 900 K 	�&C�� 5 km 	OI �4�

�!����8� 255.5 K 	LJ� 0 km ���

-.	0*$�$��� 3 µm∼5 µm M���

�����	�Æ 6 �,�Æ�$����P&

7��"L7���0$��	%F���&�

!%	��	L7��� 90 ◦(��1U�) �

3 µm∼5 µm M������F!Æ	�Æ 7 �

,�Æ�������;
�������Æ 8

�;��������������� [13] �

+ 7 3 µm∼5 µm VQ,-DRLTS37+

+ 8 90◦ TM,-RLUUVVDWW+

+ 9 90◦ TM,-RLUUDXWWW+

CÆ 6 !+	���������� 90◦ �

4�	YG$��K??K?	� 10◦ HI�4

O	�D*�J/���#�� (1) YG$��

K?	���L7���KD:MK?	K�

����	�K?�!"	����:M
��

������DN4GC� (2) ��� �4C

��/(.	"/(.�����D��7$

.X*��/�ZKDXY�I�.�� 10◦

I��	�I�/�ZK)�4�	#)���

�YI�$�Y;Z�[ S \��L	� 10◦ I

����4?�


+Æ 7 #Æ 8 !+	 90◦ �������

����F!Æ"��F!Æ� 3 µm∼5 µm M

�Z$-+�"	HG*����&�!%�

C	69!-..������[�

5 |}
C���#5���(�	�$ Malkmus�

�	��Æ����HL��	M.	�M4

������������"-O�����

;+�	8����;
N=	���"	!

-�������	
��������

���?-	C���;�<�(�	-.	�

���&1:8������/5Æ����

�	�����#�����6+\O5���

�#[	�+�$�����
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